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This study was conducted to investigate why root disease centers east of the

Cascade crest tend to be larger in diameter and more abundant than their counterparts to

the west, within subalpine forest stands of central Oregon. The trend in a 290 km2 study

area appeared opposite of what was expected under the prevailing explanation for the

mechanism controlling disease center distribution. The spatial distribution of detected

disease, caused largely by Pheiinus weirii, has been attributed to variable fire return

interval. Five alternate explanations, treated as working hypotheses were investigated for

directional consistency and significance. These included (1) new infection establishment

rates via spore, (2) root-root spread rates of established infections, (3) the influence of

barriers to spread by root contact, (4) relative fire frequency, and (5) the influence of

post-fire lag time prior to resumption of root-to-root spread (recrudescence) of surviving

fungal inoculum.

The detected level of infection was almost three times greater east of the crest

than west. Infection centers were also significantly larger in diameter and fonned

more extensive complexes on the east side. Establishment of new infections by spore

appears very uncommon. Most sampled centers at low elevations closest to the

eastern mixed conifer zone were clones, having survived one or more fires. Higher

spore-initiated infection establishment rate was therefore eliminated as a plausible

explanation for east-west differences. Radial spread rate of eastern infection centers



was also not significantly faster than western centers. A non-significant trend was

detected for Phellinus genets to be oriented parallel to the direction of topographic

bamers, suggesting long-term influence of landscape barriers on movement. Trends

in infection center diameter were all significant and directionally opposite of

predictions derived from the fire frequency hypothesis. Recrudescence time lag of

surviving fungus appears quite variable and remains a possible explanation for east-

west differences, especially when interpreted within the context of differences in

fire severity. Age estimates were made for 14 genets after accounting for loss of
radial spread time between fires. The maximum genet age was estimated to be

between 2238 - 3015 years old. The advanced age of the genets warrant an

additional consideration that cause and observed effect may be out of phase in space

and time.
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Spatial Analysis of Phellinus weiril Infection Centers in the Central Cascades of
Oregon: Inferring Ecological Processes from Patterns

1.0 INTRODUCTION

Gaining an understanding of natural disturbance regimes for ecosystem

management applications, including the roles of pathogens, has become an area of

increasing interest (Castello et al. 1995). Identification of environmental factors related

to the spread and persistence of any pathogen entails the uncoupling of potential

interactions between the influences of space and time. For slow-moving pathogens such

as laminated root rot, caused by the fungus Pheiinus weirii (Murr.) Gilbertson, this is of

particular importance, since inoculum can survive stand-replacing fire and timber

harvest. This organism has evolved strategies for survival in the face of abiotic

disturbance such as fire and wind, and shifting host distributions attributable to climatic

fluctuations. Pervasive throughout western coniferous forests, yet iocaiiy discrete,

factors responsible for apparent quiescence in one location and intensification in another

have yet to be identified. Hessburg et al. (1994) called for future research to focus upon

pathogen population dynamics, their ecological roles, and the effects of natural

disturbances. Dickinan and Cook (1989) stressed the need for further study of landscape

pattern resulting from the interaction between P. weirii and fire. In this paper I will

conduct a spatial analysis of root disease centers in the landscape of the high Cascades

of Oregon to determine whether the observed pattern is consistent with control by fire as

has been suggested by Dickman and Cook (1989), and what influence, if any, landforms

may have in constraining movement and affecting persistence within the landscape.



1.1 PROBLEM DEFINITION

Historical factors are acknowledged to be the primary explanation for the

presence or absence of P. weirii in a stand. Identification of the factors influencing (i)

initial susceptibility, (ii) spread rate, and (iii) long tenn persistence of the pathogen

are easily obscured by time and disturbance by fire or timber harvest. The geographic

distribution and spatial patterns of infection centers within the mountain hemlock

zone of the central Oregon Cascades has been attributed in part to the direct and

indirect affects of fire and frequent post-fire recolonization by basidiospores

(Dickman 1984; Dickman and Cook 1989). An examination of disease center

distribution at the landscape level revealed topographic and orographic influences

inconsistent with what might be expected if fire has been the primary controlling

factor. Infection centers detectable in aerial photography appear more numerous on

the east side of the Cascades than west of the crest within the mountain hemlock

zone, and increase as a function of proximity to the mixed conifer zone which is

characterized by more frequent fire.

Disentangling site history from site conditions is required to gain access to potential

explanatory factors useful for understanding the ecology of this pathogen in the high

Cascades. Site conditions influence the rate of disease intensification and probability of

persistence once established. Site history influences the initial amount of disease within

a stand, reflecting the influences of site conditions, time, and disturbance. In addition,

separation of spurious from potential causal associations between explanatory variables

and the rate of disease intensification requires factoring out influences ofspatial

autocorrelation. To address this problem, spatial data must be incorporated into the

study design. A spatial analysis approach provides a means for harnessing spatial

information as explanatory variable and formed the core of the approach used in this

study.

2



1.2 STATEMENT OF PURPOSE

The focus of this research was to characterize and attempt to explain the

observed distribution of laminated root rot in the Waldo Lake area with respect to

topographic and orographic position, host distribution, and generalized disturbance

regimes. This entailed the development of methods to help distinguish local site

history from general landscape-level trends, detect and account for spatial

autocorrelation, and to separate spurious from potential causal interactions between

enviromnental conditions and Phellinus weirii spread and persistence.

1.3 OBJECT WES

Objective 1

Map root disease center distribution in a 280 kni2 area of the central Oregon

Cascades prior to harvest activities.

Objective 2

Describe the spatial distribution characteristics of disease centers, previously

identified genets, and expansion rates.

Objective 3

Evaluate hypotheses concerning the plausibility of (a) basidiospore colonization, (b)

vegetative spread rate, (c) spread barriers, (d) fire frequency, and (e) recrudescence

lag time as explanations for patterns of root disease intensification in the high

Cascades.

3



1.4 ORGANIZATION OF THESIS

I review the biology and ecology of Phellinus we/ri!, the primary causal agent of

the root disease patterns, and describe the study area and relevant prior studies in

chapter 2.

To minimize confusion, methods, results and interpretations for each objective and

sub-objective were organized individually in chapter 3. To avoid repetition, I have

included a section devoted to the spatial statistics used as a separate section in chapter

3. A number of the GIS routines used were included as appendices rather than in the

methods sections. In the discussion in chapter 4 I integrate all of the factors discussed

individually in chapter 3, relate my fmdings to previous work, and relay implications

regarding pathogen ecology and root disease management.

4



2.0 BACKGROUND

2.1 BIOLOGY OF PHELLINUS WEIRII

Phellinus weirii is a native pathogen found throughout northwestern coniferous

forests. Hosts vary in terms of susceptibility to the fungus (Childs 1970; Thies and

Sturrock 1995). Establishment of initial infections occurs either by spore or by root

contact with preexisting inoculum. Spore establishment is assumed to play a minor

role in the epidemiology of the disease (Nelson 1971), and has not been directly

observed. Dickman and Cook (1989) interpreted small, discrete infections lacking

vegetatively compatible neighbors as recent basidiospore-established infections in the

mountain hemlock zone of the central Cascades. Artificial inoculations by spores

have not been successful to date (Thies and Sturrock 1995). How, when, and where

'new' genets (fungal individuals resulting from a single sexual reproductive event)

arise remains poorly understood (Dickman and Cook 1989). Most apparently new

infections are recrudescing remnants of previous infections having survived fire or

harvest When a genet becomes isolated in more than one discrete location in time,

the centers are referred to as clones, which can cover many hectares, and persist for

more than a 1000 years (Dickman and Cook 1989). Although mycelia inside roots

can transmit the pathogen via root grafting, new trees are most often infected by

ectotrophic mycelia (Reynolds and Bloomberg 1982; Hansen 1976, Childs 1963).

Growth through soil is very limited. Wallis (1976) reported that Phellinus mycelia

were restricted to within 5 cm of infected roots. The fungus slowly destroys root

systems; after 5 to 15 years (Wallis 1976) crown symptoms may be evident,

resulting in mortality a decade later (Bloomberg and Reynolds 1985).

Infections typically expand radially approximately 30 cm / year (Dickman and Cook

1989; Nelson and Hartman 1975; Childs 1970). Host trees can die standing or be

windthrown, depending upon species and region. Thies and Sturrock (1995) report that

5
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coastal Douglas-fir is usually windthrown,, while its interior counterpart often dies

standing. True firs and mountain hemlock often die standing and later break off.

Phellinus can persist as a saprophyte in root boles for 50 years following host mortality

(Childs 1970; Hansen 1979), and perhaps in live resistant hosts for much longer

(McCauley and Cook 1980; Dickman and Cook 1989). Phellinus does not survive

uprooting, which has become the basis for one disease management strategy. Secondary

mortality agents such as bark beetles may kill trees prior to mortality by Phellinus.

Where this is common, such as in grand fir-white fir habitat types (Thies and Sturrock

1995), trees may die standing. Under these conditions, inoculum persistence and disease

intensification may more closely parallel managed stands than unmanaged stands, since

more inoculum remains undisturbed below ground..

The roots of conifers regenerating in gaps created by mortality eventually come in

contact with mycelia on infected roots and continue the cycle. The pathogen can occur

either as scattered mortality, or in discrete centers. The difference is due at least in part

to the time since recrudescence following disturbance (Byler et al. 1990). Where the

disease spreads radially outward in a uniform fashion, the infection can take the form of

a discrete mortality wave (figure 1). Ectotrophic mycelia facilitate inter-tree spread

(Hansen 1976), which is reported to be less prevalent in pines (Wallis 1976), and

through time following host mortality (Hansen 1976; Childs 1963).

Figure 1. A typical root disease center in an aerial photo is characterized by a sharply
contrasting mortality zone, behind which is a chronosequence of regenerating
vegetation.
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Factors that may influence the rate of spread of the disease include temperature, soil

moisture and pH (Angwin 1985; Hansen et al. 1983). Site characteristics were also

found to be associated with root disease occurrence in Idaho (Williams and Marsden

1982; Byler et al. 1990). Persistence of the pathogen on site can be influenced by the

vegetation regenerating in gaps created by laminated root rot mortality. Understory

shrubs, when present, can respond to the newly available resources and quickly fill the

gap inhibiting reestablishment of susceptible conifers. Hardwood species are also

immune to the pathogen and can preferentially become established within a center

allowing existing inoculum to die out Root disease centers create important structural

diversity in forest ecosystems upon which many species depend. The actions of the

fungus can effectively accelerate or decelerate succession, depending upon the site and

local species composition. In western hemlock series, Phellinus can facilitate succession

from seral Douglas-fir, which is highly susceptible to the pathogen, to the climax

western hemlock, considered to be of intermediate susceptibility. In the mountain

hemlock series the reverse can occur, where the climax mountain hemlock can be

replaced by seral lodgepole pine, subalpine fir, and western white pine , although

mountain hemlock will also be abundant, particularly in sheltered portions of centers

and in the shade of sera! species (Dickman 1984). Regeneration success of mountain

hemlock requires some form of overstoly protection. Seidel and Cooley (1974)

suggested that more than 23 m2/ha residual overstory were required following

shelterwood cutting to obtain acceptable regeneration in a mountain hemlock! grand fir

stand. Where silver fir is present in the stand, it may increase in local abundance due to

the creation of canopy gaps by Phellinus, accelerating succession (McCauley and Cook

1980). Infection centers in the high Cascades have been suggested to play an important

role as local refugia for resistant seral species facilitating reestablishment following

disturbance by fire (Dickman and Cook 1989).

Site history or site conditions Because of the tenacious persistence of the

pathogen from one stand generation to the next and infrequent establishment of new

infection centers, laminated root rot is often referred to as a 'disease of the site' (Thies
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and Sturrock 1995). Because of this it is difficult to distinguish between historical and

site factors influencing spread and persistence of the pathogen. This may be particularly

true in younger stands when the full extent of former root disease center distribution is

unknown or only partially reconstructed. As trees encounter buried inoculum,

reinfection can take on the appearance of scattered or diffuse mortality, inadequately

revealing the distribution pattern of the fungus within the stand (Thies and Sturrock

1995). Attributing effect to cause is also made more difficult by the long time lags

involved in the disease cycle. Survival of inoculum within a stump has been

demonstrated for 50 years (Hansen 1979), and cryptic survival within a stand is thought

to be as long as 175 - 243 years or more (Dickman and Cook 1989).

Byler et al (1990) noted that where western hemlock and western red cedar (Thuja

plicata Donn ex D. Don) are most susceptible, the disease is most abundant in wetter

portions of the landscape, most likely to be buffered from periodic dry periods, while

Williams and Marsden (1982) observed disease intensity to be highest on dry sites where

Douglas-fir and grand fir were most susceptible, as Williams and Leaphart (1977) noted

in an earlier study. The latter authors noted an association between root disease presence

and physical environmental factors as well, including elevation, aspect and soil type. It

was not possible to determine whether root disease incidence was influenced by the

physical site factors, or whether the site factors were simply coincident with the

distribution of susceptible hosts. In areas with milder climates and less extreme

segregation of habitats, such as the northern Oregon Coast Range, plant community does

not appear associated with disease incidence, although Phellinus was less abundant in

lower slope positions than up-slope (Kastner et al. 1994), which the authors suspected to

be related to establishment of immune tree species such as red alder (Alnus rubra

Bong.), bigleaf maple (Acer macrophyllum Pursh), long-lived vegetatively reproducing

vine maple (Acer circinatwn Pursh), salmonberry (Rubus spectabilis Pursh), or more

resistant western hemlock and western red cedar. Thies and Sturrock (1995) noted in

their recent review of the literature that to date no group of site factors has been
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identified that can be used for general prediction of presence/absence or persistence and

intensification of Phellinus weirii.

Role of disturbance Local persistence of a genet is influenced by characteristic

disturbances of the forest ecosystem. In the west, wind, insects and fire represent forces

that may influence patterns of residual inoculum in stands. At the scale of the tree wind

may play an important role in determining how much inoculum remains behind in the

soil. When trees topple, much of the potential food source for long-term saprophytic

persistence may be uprooted. Soil disturbance can also increase likelihood of loss of

viability due to antagonistic soil organisms (Thies and Sturrock 1995), such as

Trichoderma viride Pers.. Soil disturbance, and the distribution of inoculum in fewer,

but larger trees, has been suggested as the process that keeps Phellinus weirii in check in

some unmanaged stands (ibid.) . Bark beetles are commonly associated with root

infection centers which provide a continuous supply of dead and stressed trees. Beetles

such as Dendroctonuspseudotsugae on Douglas-fir, Scolytus ventralis on grand fir

(James et al 1984), and Melanophila drummondi and Scolytus tsugae in mountain

hemlock (Dahms 1958) may kill a tree predisposed by root disease, but prior to

extensive loss of anchoring root systems. Trees may then decompose standing, allowing

the root mass to remain undisturbed in the soil (Hansen, personal communication). As

root disease centers enlarge and surrounding trees increase in height, susceptibility to

windthrow may increase, depending upon orientation within the landscape.

The role of fire in controlling the distribution of laminated root rot is unclear. The

effects are thought to be primarily indirect, through loss of viability through time when

it persists as a saprophyte in dead hosts, and a shift in species composition. Fires are

usually not intense enough to destroy inoculum on and in buried roots directly (Thies

and Sturrock 1995). In areas characterized by short fire return intervals root disease

centers are thought to be contained due to dominance of tolerant, resistant, or immune

species (Dickman and Cook 1989; Thies and Sturrock 1995), or a smaller modal tree

size (Dickman and Cook 1989). A relationship between soil nutrients and soil moisture
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on tree size, ultimately reflected in larger stumps, has also been suggested as an

influence on inoculum density within stands (Bloomberg and Beale 1985). A feedback

mechanism between mortality due to laminated root rot, fire frequency, and persistence

of the pathogen has been suggested (Dickman and Cook 1989). Fire regime may play an

important role in the potential area that genets can cover, and the likelihood that

disturbance by fire will eventually result in genet fragmentation. Discrete infection

centers originating from a prior infection would be formed most easily if the original

center had sufficient time to become veiy large. Inoculum sources surviving close to one

another are likely to merge quickly into a single center. In addition, if the probability of

persistence is high, then recrudescing infections would likely merge quickly to form a

center or complex similar in size to the original infection. The fragmentation of genets

would then seem to require both sufficient time to become large between fires, and a

high probability of localized extinction between fires.

2.3 STUDY AREA

2.3.1 General Description

A 296 2 block centered on Waldo Lake, Oregon (figure 2), oriented with the

major axis perpendicular to the crest of the Cascades, was selected as the study area.

Elevation ranges from 1000 m in low-lying western valleys to 2380 m at the top of

Maiden Peak. The landscape is dominated by the presence of a series of

stratovolcanoes along the crest, but topography is more variable and dissected west of

the crest than east. The western half of the study area contains not only Waldo Lake

but hundreds of small lakes and ponds as well. Soils are composed of ash and pumice

from multiple sources, the most recent being the eruption of Mt. Mazama 6600 years

bp ( Boone et al. 1988). Pumice depth reportedly increases from west to east. The

pumice soils tend to be coarse-textured, have low bulk densities, are low in nitrogen,



ii

phosphorous, and sulfur, and can be well to excessively drained on upper slopes.

Cold temperatures and frost heaving are common at high elevations and in frost

pockets. In the mountain hemlock and mixed conifer zones soils can become

hydrophobic in the top few inches (Larsen 1976). The flanks of the stratovolcanoes

are scored by erosion at upper elevations. The area receives between 120 and 185 cm

precipitation annually, primarily in the form of snow, decreasing from west to east.

Snowpack is retained longer on the west side than on the east side of the crest

(George and Haglund 1973), but typically is present from November to June.

Root disease centers were most easily detected in the Tsuga mertensiana ((Bong.)

Can.) zone (Franklin and Dyrness 1973), occupying the highest elevations of the

Cascade range. The study area captured both western and eastern ecotones of this zone.

To the west Abies amabilis (Dougl. Ex Forbes) increases in importance, and drops at

low elevations into the Tsuga heterophilla ((Raf.) Sarg.) zone, comprised of

Psuedotsuga menziesii ((Mirb.) Franco) and western hemlock. East of the Cascade crest,

stand composition increases in diversity as the mountain hemlock zone gives way to the

mixed conifer zone containing A. grandis ((DougL Ex D. Don) LEnd!.), A. procera

(Re/id), and Douglas-fir. At low elevations in the rain shadow of the Cascades, Pinus

ponderosae (Dougl. Ex Laws.) and edaphic P. contorta (Dougl. Ex Loud) increase in

importance.

The western ecotone of the mountain hemlock zone is characterized by species

considered highly susceptible to Phellinus (Pacific silver fir, Douglas-fir) or of

intermediate susceptibility (western hemlock, noble fir). McCauley and Cook (1980)

observed that Pacific silver fir may be more resistant to Phellinus than mountain

hemlock, based upon survivorship in the wake of expanding disease centers in the

western portion of the current study area. The eastern ecotone contains not only highly

susceptible species (grand fir, Douglas-fir), and species of intermediate susceptibility
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(noble fir) but tolerant species (lodgepole pine, P. monticola (Doug!. Ex D.Don)) and

resistant species (ponderosa pine) as well. Generalizations of host susceptibility were

based upon Thies and Sturrock (1995).

Little of the study area had been directly disturbed by harvest activities or road

building until the last 30 years. Lower elevation stands, particularly on the east side

likely have been influenced by fire suppression since the turn of the centuiy, but upper

elevation portions of the landscape have had insufficient time to reflect this due to slow

growth rates and infrequent disturbance by fire. Low elevation stands in the mixed

conifer and ponderosa pine zones have been thinned or harvested in recent years.

Delineation of root infection centers was based upon aerial photos taken prior to harvest

activities.

2.2.2 Orographic Gradient

Much of the mountain hemlock zone occurs on relatively gentle terrain, and has

been considered as a fairly uniform environment in some past studies of root disease

distribution (Dickman 1984; Dickman & Cook 1989). The climatic conditions

nonetheless change within the mountain hemlock zone from west to east reflecting the

rise and fall of wet air masses and general differences in received solar radiation. At a

finer scale differences in topographic orientation also affect local microclimate, which

in turn may influence successional rates and trajectories (del Moral and Watson 1978)

and root pathogen spread and persistence (Hobbs and Partridge 1979). Childs (1963)

noted that the landscape distribution of Phellinus weirii was associated with coarse

distribution of hosts, infrequently encountered along the coast in Douglas-fir stands

occupying areas which were spruce-hemlock forest types (resistant), and east of the

Coast Range crest in areas historically occupied by oak woodland or grass (immune).



2.2.3 Fire Regimes - general vs. specific

The fire ecology of the mountain hemlock series is not well known. Fires are

thought to he infrequent, extensive, and stand-replacing events (Agee 1993; Hessburg

et al. 1994) and the most important process contributing to forest heterogeneity

(Dickman and Cook 1989). Agee (1993) related that point estimates for fire return

intervals within the subalpine zone are seldom possible due to insufficient fire

scarred trees. A reconstruction of the specific fire regime for the mountain hemlock

zone within the study area was conducted by Dickman (1984) and Dickman and Cook

Figure 2. Flat and perspective views of a 1:60,000 scale color infra-red photo of the
Waldo Lake study area in the central high Cascades of Oregon.

13
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(1989). They concluded that the area was too small, and the historic fires too large to

estimate fire return interval. They observed that approximately half, and probably

more, of their 18,100 ha study area had burned within the last 460 years in one of 10

fires. Many of the stands in the Waldo Lake area are approximately 360 years old,

corresponding to a regional drought Ca. 1630. This would support the findings of

Hemstrom (1979) that fire episodes are linked to regional climatic droughts in the

Oregon and Washington Cascades. Dickman and Cook also suspected that stand

susceptibility to fire peaks twice, first as seral lodgepole pine mortality increases 100-

200 years following fire, and again in stands 460 years or older when age-related

mountain hemlock mortality begins. As might be expected, the susceptibility of

stands to fire in the mountain hemlock series is influenced by the fire hazard in

downslope mixed-conifer, lodgepole, and ponderosa series (Hessburg et a!, 1994) on

the east side of the Cascades, and the silver fir and western hemlock series on the

west side.

At lower elevations east of the Cascade crest, the mixed conifer series was

reportedly characterized by infrequent stand-replacing fires with more frequent

underburning (Hessburg et al. 1994). Agee (1993) describes these conditions as low- and

moderate-severity fire regimes. In contrast with the high mortality expected in the

mountain hemlock series, low severity fires are defined as causing < 20% mortality. The

ponderosa pine series in the warmest and driest portion of the study area was

characterized by frequent low-severity fires. Although the specific fire regimes were not

reconstructed for the study area, relative fire regimes can be inferred from the stand

type, landscape position, and vulnerability associated with proximity to stand types

characterized by more frequent fire.

Lacking clear specfIc reconstructions of fire regimes, the landscape can nonetheless

be segmented into generalized and relative fire regime characteristics, which may be

justified for interpretation of pathogen distribution patterns shaped by millennia, and



multiple stand-replacing fires, even in the least fire-prone areas. Agee (1993) presents an

overview of knowledge to date of fire regimes in the different plant zones of the

Cascades (abstracted below) which will be used for comparative purposes in this thesis.
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Figure 3. Generalized fire regime characteristics for Pacific Northwest Forests.
(Redrawn from Agee 1993).

A simplified model in figure 3 represents the characteristics of fire regimes of stand

types grouped by temperature growth index and moisture stress index. Seven classes are

identified, ranging from "Little Fire Influence" to "Frequent Light Surface Fires". The

majority of the study area visibly infected with root disease falls into the category of

"Very Long Return Interval with Crown /Severe Surface Fire (300+ Yr.)". This would

apply to the Mountain Hemlock Zone and the western Silver Fir zone. Downslope east-

side Mixed Conifer stands would fall into Agee's. "Long Return Interval with

15
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Crown/Severe Surface Fire (100-300 Yr.)" or "Short Return Interval with Crown/Severe

Surface Fire (25 - 100 Yr.)". The Ponderosa Pine Zone where root disease was not

detected in the study area imageiy would be classed as "Frequent Light Surface Fires (1-

25 yrs)".

Table 1 integrates general fire regime characteristics and susceptibility of hosts to

Phellinus weirii by tree zone. It will be referred to in the following paragraphs in this

section.

The Silver Fir zone on the west side of the Cascades is a transitional area containing

species characteristic of the lower elevation western hemlock and Douglas-fir zones, as

well as those of the upper elevation mountain hemlock zone. Fire regime is

characterized by return intervals between 100 - 300 years in lower elevation thy sites

and 300 + years in moister portions of the landscape, and typically of severe intensity.

Mortality is reported to be very high in silver fir, but seral Douglas-fir may survive

(Agee 1993). Both are considered very susceptible to Phellinus weirii. Western hemlock

is considered moderately susceptible to Phellinus. Early seral Douglas-fir is very

susceptible to Phellinus. Nobel fir, also an early seral species in this zone is of

intermediate susceptibility. Lodgepole pine is reported to play a minor role in early

succession in this zone, so both early and late seral dominants tend to be moderately to

highly susceptible to Phellinus.

The mountain hemlock zone is characterized by long intervals between severe,

usually stand-replacing fires. South-facing slopes are reported to have a much higher

likelihood of fire than north-facing slopes (Agee and Smith 1984). Lodgepole pine is

a major early semi stand component which is also tolerant of the pathogen.

Lodgepole pine begins to become established during the first two decades, with

continued recruitment for a century or more. Post-fire invasion by mountain hemlock

is slow, requiring the protection of the lodgepole pine (Dickman and Cook 1989).



Table 1. Depiction of the generalized characteristics of both fire regime and
susceptibility to Phellinus weirii (PHWE) within the study area by vegetation type.

(west -+ Cascade Crest east)
TSFIE ABAM TSME MIXED PIPO

PIIWE
Susceptibility
(early succession) high1 high tolerant mixed resistant
(late succession) high high high high & resistant

resistant
FIRE
Frequency - 300+ 300+ 300+ 25 - 300 1 -25
Severity severe severe severe moderate low
Host survival mixed seldom seldom mixed frequent
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1 PSIvIE considered highly susceptible, but TSHE moderately susceptible to
laminated root rot
Key:

ABAM =Abies amabilis

ABGR = Abies grandis

MIXED = Mixed conifer

PIPO = Pinusponderosa

PSME = Pseudotsuga menziezii

TSHE = Tsuga heterophilla

TSME = Tsuga mertensiana

A similar finding was observed in mountain hemlock regeneration patterns following

clear-cutting(Seidel and Cooley 1974). Successful establishment is often impeded by

short growing seasons, coarse-textured cold soils of low fertility and moisture holding

capacity, frost heaving, and in some instances droughtiness on southern exposures (Soil

Resource Inventory, U.S.F.S., Willamette National Forest 1973). Mountain hemlock

seedlings become established in the shade of the lodgepole pine and increase in size as

lodgepole pine mortality begins to occur 100 years following fire. Mountain hemlock

stem density continues to increase for 300 years, and the tree regenerates under itself
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when canopy gaps develop (Dickman 1984). As depicted in Table 1, the early

successional vegetation tends to be tolerant to P. weirii, and only becomes dominated by

highly susceptible hosts after 100 - 200 years or more.

The Grand Fir Zone east of the Cascade crest is characterized by major associates

Douglas-fir, lodgepole pine, and ponderosa pine. The species vaiy in resistance to both

fire and Phellinus weiril. Grand-fir and Douglas-fir are very susceptible to the pathogen,

but Douglas-fir is more likely to survive low intensity fires than grand fir. Ponderosa

pine is resistant to low seventy fire and resistant, but not immune to Phellinus. Disease-

susceptibility of the stand increases as a function of increased interval between fires

resulting from an increase in shade-tolerant and Phel/inus-susceptible grand fir(Thies

and Sturrock 1995). As depicted in Table 1, early successional host vegetation tends to

be tolerant to moderately susceptible to Phellinus, except where highly susceptible

Douglas-fir survives fire. This has been observed in the mixed conifer zone east of the

Cascades where fire has been excluded from stands previously dominated primarily by

pines (Filip and Goheen 1982).

Low elevation east-side portions of the study area are dominated by stands of

lodgepole pine and ponderosa pine. In some locations lodgepole may represent edaphic

climax conditions on the coarse textured pumice soils or in frost pockets. Fire return

intervals reportedly ranged between < 10 years to 3-4 decades (Agee 1993). The

frequent fires kept fuel levels and stand densities low, so fires tended to be low in

severity. Although stand-replacing fires were infrequent (Agee 1993), the dominant

species were resistant or tolerant to Phellinus (Thies and Sturrock 1995).

The general trend depicted in Table 1 suggests that historic fire frequency within

the study area likely increased from west to east. Fires were also expected to have

historically been more frequent on southerly than northerly exposures, and in the

rainshadow of mountains and the Cascade crest, and historically were likely most

frequent near the mixed conifer ecotone. The distance from the ecotone may then be
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considered as an indication of general fire regime characteristics within the study area.

This ecotone represents a transition in both fire frequency and severity and general

susceptibility to P. weirii.

The intensification of Phellinus has been suggested to contribute to fire frequency,

which in turn may serve to locally reduce disease incidence (Dickman and Cook 1989).

Where fires tend to be extensive and tree species unlikely to survive fire, subsequent

regeneration can be slow in the interior of burns (Agee 1993). This, in combination

with early dominance by Phellinus-resistant species such as P. contorta are thought to

limit inoculum persistence to the largest of stumps (Dickman and Cook 1989, Agee

1993).

Interpretation of the interaction between fire and P. weirli requires consideration of

the characteristics of the fire regime and the susceptibility of both early and late

successional hosts. Dickman and Cook (1989) felt that fire has been the primary factor

influencing the spatial distribution of P. weirii within the study area by favoring less

susceptible hosts and reducing modal size of stumps upon which it must survive

between stands. If fire is the primary determinant of landscape patterns of Pheiinus

incidence, intensification, and persistence, then one might expect to see lower levels of

infection on southerly aspects than northerly aspects, and easterly aspects than westerly

at the landscape level. These pattern expectations were formalized as hypotheses and

tested in this study.

2.4 PRIOR STUDIES

The current study area encompasses the sites of several earlier studies of the

fundamental biology and ecology of Phellinus weirii. This was done intentionally to

augment previous findings and provide a context for interpreting future work.

Paleoecology of the area in relation to volcanic activity was interpreted by pollen
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deposits near the south western portion of the study area by Hansen (1942). Most of the

18,000 ha study area of Diclunan (1984) is included, in particular the mapped genets

which were used as a data source in this study. His work was later published with a

focus on the interaction between fire and root disease abundance (Dickman and Cook

1989). Those authors concluded that (i) fire frequency has been the most important

factor controlling root disease distribution, (ii) resumption of spread may occur 175 -

246 following fire, (iii) there was reason to suspect that living tolerant species may

function as a mechanism of inoculum persistence beyond the time possible for survival

as a saprophyte in dead root systems, that (v) half ofthe multi-center genets identified

were 1000 years old or more, and that (vi) there was evidence to suggest that a large

percentage of centers are the result of basidiospore colonization since the last major

fires 360 - 460 years bp. Spread rate estimates of the pathogen were estimated from

aerial photographs within and adjacent to the present study area by Nelson and Hartman

(1975). McCauley and Cook (1980) examined spread rates and host survivorship

patterns in the western portion of the study area. Both sets of authors determined that the

average spread rate was approximately 0.34 rn/yr.

Links between overstory mortality, resource availability, and host resistance have

been explored by Matson and Boone (1984), Matson and Waring (1984), Waring et al.

(1987), and Goheen and Hansen (1993). Mortality of regenerating trees inside active

root infection centers caused by Phellinus weiril often lags behind the primaiy mortality

wave by 85 years or more. Death of the overstory was accompanied by increases in light,

soil moisture, temperature, and nitrogen availability (Matson and Boone 1984). The lag

time of the secondary infection wave was attributed to increased tree resistance resulting

from increased host vigor, which in turn resulted from increased nitrogen and light

availability (Matson and Waring 1984; Waring et al. 1987). Goheen and Hansen

determined that vigor was not related to Phellinus inoculation success, infection, or

subsequent colonization of roots on sites differing in soil nutrient availability. They felt

that the lag was likely related to (i) inherent resistance differences in mixed species

regeneration, (ii) differing rooting patterns between species, (iii) high rate of inoculum
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removal from soil due to uprooting in loose volcanic soils. They also noted that

mortality was indeed occurring within the zone of increased vigor, but is simply more

scattered.



3.0 EXPERIMENTAL DESIGN AND RESULTS

3.1 GENERAL APPROACH

All factors influencing root disease distribution can be reduced to four categories

of effect - (i) infection establishment, (ii) spread rate, (iii) spread time and (iv)

inoculum persistence. In the search for order of importance to explain landscape-

level distribution of the pathogen, the order must be reversed. Persistence of

inoculum through fire or timber harvest is the most important explanatoiy variable

since initial infection establishment is thought to be a rare event and since inoculum

can survive stand-replacing fire. Factors influencing persistence are therefore more

likely to be both influential and discerned than those influencing initial

establishment, of which little is known, or spread, which appears rather uniform in

rate between studies. Spread time must be envisioned as an interaction between fire

frequency and recrudescence lag time. Infection establishment by spore is the most

difficult factor to estimate, since small, unique centers may be due to recrudescing

remnants of former centers. The general approach taken in this study is displayed in

the sketch below (Figure 4). A more detailed schematic is shown in Figure 5.

A number of experimental design considerations had to addressed. Detected disease

distribution was a reflection of both current and past conditions. Characteristic disease

expression was limited to stands 200 years old. Previous attempts to reconstruct
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Figure 4. The primary objective of the study was to assess which general processes have
likely played major roles in shaping root disease distribution patterns at the landscape
scale.
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specific fire regimes in subalpine landscapes have met with limited success. The

processes shaping root disease distribution patterns in these areas area are also

extremely slow, making direct observation difficult. Detected disease centers were

obviously clustered rather than randomly distributed within the landscape, so random

samples would also tend to be clustered. Selection of the appropriate sampling unit was

difficult, since infection centers varied in size and shape, yet were composed of discrete

genets which may each be responding differently to local environmental conditions.

Data storage in a raster GIS format compounded this problem by forcing the merging of

discrete centers which are close together (the pixel grain size is 25 x 25 m). The general

distribution pattern of variables was also an important consideration. A number of

variables were likely to be distributed as gradients reflecting the influence of underlying

landforms. Assuming this to be the case, then samples could be expected to be

influenced by spatial autocorrelation no matter how far they were apart.

The strategies employed to address these issues included:

focus on plausibility of involvement of general processes rather than

associated sets of specific variables at this stage

base fire regime hypotheses upon heuristics rather than stand reconstructions

use inferred locations of infection origination as sample units, recording

local radius as an attribute

test for, and account for spatial autocorrelation where appropriate

test observed distributions against predictions derived from specific processes

(link between pattern & process)

Pattern analysis Descriptive components of detected root disease distribution were

used in conjunction with local environmental conditions to determine probable factors

that contribute to differences in disease expression at the landscape level. The pattern

components reflect differing aspects of the interaction between the pathogen, host and

environment. It was hoped that by isolating pattern components that best described

observed conditions, the large list of potential response variables could be narrowed for
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future studies. In the quest to link pattern with process, it is important to recognize that

similar descriptions can result from differing processes, so the study was designed to

help eliminate, where possible, variables from the explanatory model. Both spread rate

and recrudescence lag time, for instance, can result in the same relationship between

center radius and characteristics of adjacent stands for a specific time since fire. Figure

6 displays some of the general structures relevant to this study.

The specific pattern components of interest in this study included (1) spatial

distribution, (2) foci radius, (3) distribution of unique vs clonal genets, (4) distribution

of spread rates, (5) foci radii distribution within clones, (6) dispersion of clonal

fragments.

The pattern components capture functional parameters relevant to the fungus life

history and ecology, including (1) spore-initiated establishment, (2) spread rate, (3)

influence of spread barriers (4) fire return interval, (5) recrudescence lag time, (6)

persistence probability. Each of the parameters will be addressed in the course of the

study to interpret which have likely played major roles in shaping current distribution

characteristics of detected root infection centers within the study area. The scope of

inference of the various tests differs according to the spatial extent of the sampling,

however those tests with limited scope will be identified and extended with

qua! cations.

The relative importance of basidiospores will be assessed by reexamining the

published Dickman and Cook (1989) data. Spread rate of clonal centers east of the crest

will be examined to determine whether it appears to be faster than the range reported in

the literature for the west side and crest of the Cascades within the mountain hemlock

zone.
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Figure 6. Some of the pattern component examples considered in this study:

The potential influence of spread barriers will be examined with respect to infection

center radius frequency and genet orientation. The hypothesized effects of fire

frequency will be assessed through testing of formalized hypotheses and causal
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modeling based upon fire regime heuristics. Recrudescence lag time range will be

assessed by using stand ages and spread rates of east side clones of differing radii, and

the development of two models integrating fire disturbance interval, recrudescence lag

times, and foci radius. Persistence probability will be investigated by reviewing the

abundance and spatial distribution of unique genets in the Dickman & Cook study area,

and modeling the interaction between disturbance interval, recrudescence lag time, and

revised clone age estimates.

3.2 DATA LAYERS

Five basic data layers were used in the study, (i) root disease distribution, (ii)

canopy size structure, (iii) location of the eastern mountain hemlock ecotone, (iv)

normal annual precipitation, and (v) potential root disease spread barriers. Data were

stored and manipulated within ERDAS (Version 7.4) a geographic information system

(GIS). All layers shared a common pixel grain size of 25 x 25 meters, and were

registered to one another.

3.2.1 Root Infection Center Mapping

3.2.1.1 Landscape

1:12,000 scale black and white stereo resource photos taken in July 1959, archived

in the University of Oregon Map Library, were used to delineate root disease infection

centers within an 840 2 section of the Cascade crest. Infection centers were

transferred to mylar overlays on U.S.G.S. 1:24,000 scale orthophoto base maps making

adjustments in dimensions to reflect the centers in the 1987 imagery used for their

construction. The early photo series was used to map the extent of detectable centers

prior to harvest of low elevation stands in the eastern portion of the study area. Infection
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centers could be expected to have expanded approximately 9 meters within that time

interval, approximately 1/3 of a pixel for the grain used in the GIS data. The photo

signature of infection centers is quite distinct in the high Cascades. The zone of active

mortality, particularly along the northern perimeter, is usually quite distinct due to the

bright pumice soil, sparse understory vegetation, and harsh reestablishment conditions.

Detection in stands less than 200 years old was difficult due to the abundance of tolerant

lodgepole pine and low stand densities. A link between disease symptomology and stand

age and composition was consistent with the findings of others (Wallis and Lee 1984;

Dickman and Cook 1989). Discrimination of the perimeters of infections was also

difficult at low elevations on the east side of the Cascades, again due to lower stand

densities and mixed species composition. Most detected centers were in older stands

within the mountain hemlock series.

The infection center polygons were digitized off of the USGS orthophotoquad mylar

overlays, using the geographic information system to create a series of files with the

".dig" extension. The ".dig" files were then converted to raster data layers using the

GRDPOL routine, in the UTM coordinate system, and a pixel grain size of 25 x 25 m

(0.0625 ha). A mosaic of the six raster files representing the six quadrangles was created

using the STITCH routine. Coverage of this layer is depicted in Figure 7.

There was some concern that small ponds or canopy gaps associated with rock

outcrops might be confused with small infection centers. Thirty three infection polygons

were examined in the field during the summer and fall of 1995 (Appendix B). The

objectives of the ground truthing were to estimate commission error of polygons classed

as root disease centers and determine the causal agent. The root collar and roots of

recently killed trees were exposed in four or more places around the perimeter of each

center, noting characteristics of decay, mycelium, and where present, basidiocarps. All

33 gaps were indeed due to root disease, and all 33 due to Phellinus we/ru. All adjacent

stands were dominated by mountain hemlock. Based upon the ratio of correct to

incorrectly classified polygons, the commission error estimate is less than 10.6 %
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assuming an ct-level of 0.05. The high degree of concurrence between the current map

and the map created by Dickman (1984) suggests that the commission error is probably

much lower than 10.6 %. No estimate of omission error was attempted, but based upon

field observations, it is likely much higher east of the Cascade crest than west,

particularly in young and mixed conifer stands. Rock outcrops coincided with infection

polygon edges in several instances southwest of Cultus Lake. In both cases, however, the

outcrop was also an active zone of root disease mortality. Scattered Phellinus mortality

was observed beyond the apparent eastern edge of the polygon within a mixed conifer

stand. Only one discrete infection center was encountered that was not detectable in the

aerial photos. Since most of the recent mortality was windthrown and still retained green

needles, the infection center had apparently been just a small pocket of only 2-3 dead

trees at the time of the most recent photos.

3.2.1.2 Subsets

Waldo Lake & The Twins quadrangles - Only the central 280 km2 portion of the

root infection center data layer was used for the remainder of the study, corresponding to

the Waldo Lake and The Twins quadrangles (Figure 7). Subsequent references to the

root disease data layer and derived variables pertain to the subset region only (Figure 8).

A summary of all the mapped root infection areas is displayed in Figure 9.

GIS routines (Appendix F) were used to reclassify the root disease map into 4

classes; (i) detected infection, (ii) a 25 rn-wide infection buffer zone, (iii) a 100 rn-wide

sampling zone outside the buffer, and (iv) other (Figure 10). The sampling zone was

used during the analysis to characterize stand conditions adjacent to sampled infection

centers.

In another series of GIS operations, 2713 operationally defined infection initiation

points, to be referred to as foci, were identified and used as sample units (Appendix D).



It was from the area represented by the single pixel focus (0.0625 ha) that new or

recrudescing infections are presumed to have spread. Foci were assigned unique

identification numbers, a random number to assist in randomized sampling, and a value

corresponding to its radius in pixels (Appendix E).
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Figure 7. The full extent of the original root disease data layer developed for this
project is depicted above. Only the central portion was used for analysis. (Scale
1:333,000).
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Each sampled focus was then assigned a portion of the 100 rn-wide sampling zone

nearest to it (Appendix G). Since infection centers differ in diameter and often merge to

form complex shapes, the size of the assigned zones varied. Priority was given to the

smallest focus radius when conflicts occurred.

The initial suspicion that infection rate was higher east of the Cascade crest was

confirmed. After masking water bodies and the area east of the Mixed Conifer ecotone

(beyond which no root infections were detected), the west side visible infection rate was

3.5 %, but the east side visible rate was 10.9 %. The overall detected infection rate for

areas west of the mixed conifer ecotone was 5.3 %. A random sample of 224 foci were

used to confirm the observation that focus radius tended to be greater on the east side of

the Cascades than the west. West side foci (n = 119) averaged 62.5 ± 31.0 m in radius,

with a median of 50 meters. East side foci (n = 105) averaged 93.3 ± 48.5 m in radius,

with a median of 100 m. Both of these observations led me to question the

interpretation that fire frequency has been the most important factor governing root

disease distribution within the study area, since apparent infection rate and infection

radius were greater where fire was expected to be most frequent.

Dic/cinan clone maps - In addition to the root disease map created for this study,

use was made of the genet map painstakingly created by Allen Dickman in 1984

(Dickman and Cook 1989). The map represents a 3900 ha subset of the 296 2 area in

this study on the southerly slope of The Twins. Infection centers were identified as

'unique' (no vegetatively compatible neighbors within 1 1cm), 'clonal' (having a

vegetatively compatible neighbor within 1 1cm), and 'not tested'. The clone map was

used to reexamine evidence of common post-fire establishment of infections by
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Figure 8. Depiction of the 290 km2 root disease (in white) data layer used in this study.
Scale = 1:158,730, pixel size = 25 x 25 m. Polygons were delineated from U.S. Forest
Service 1:12,000 B&W aerial resource photos, taken in 1959, and updated with 1987
imagery.
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Figure 9. Summary of root disease map data used in this study.

840 2 root disease layer
280 2 portion of A. used

in this study
39 2 portion of study area

containing genet map
created by Dickman (1984)

OREGON

Review of sample populations used in current study:

Map B. (280 km2, 213 infection centers/complexes, 2713 infection foci)

2713 foci - used for analysis of proximity to spread barriers

224 foci - random sample, used for descriptive analysis

38 foci - random sample, used for hypothesis testing

Map C. (39 km2 Dickman genet map, 61 infection centers)

61 infections - genet fragment frequency analysis

40 infections - analysis of clone frequency by slope position

10 clonal genets - orientation of genets with respect to spread barriers

(multi-center, on slopes %)

14 clonal genets - reestimation of genet ages

5 clonal genets - east side spread rate calculations (east of 583,000 m east

with discrete perimeters)
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Figure 10. Depiction of 100 rn-wide sampling zones (in white) adjacent to root disease
centers around which 25 rn-wide buffers were added. Derived from the root disease data
layer depicted in Figure 9. Scale = 1:158,730, pixel size = 25 x 25 m.
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basidiospore, investigate the potential influence of spread barriers, and to refine the time

scale of clone formation to help interpret which processes likely have contributed to root

disease pattern development.

Aspects of interest for this subset included (i) the spatial arrangement of centers

representing unique genets and those with vegetatively compatible neighbors, (ii) the

number of discrete centers per genet, (iii) the orientation of the major axis of a genet's

distribution with respect to slope aspect, (iv) identity of centers east of the crest of the

Cascades which have survived one or more stand-replacing fires, (v) the age of genets.

3.2.2 Vegetation Mapping

Vegetation data was needed to validate fire heuristics, location of the eastern

ecotone between the mountain hemlock and mixed conifer zones, and to aid in photo

interpretation. Two data sources were used. The first was a U.S. Forest Service Forest

Type Map created concurrently with the photos used for initial infection delineation.

The map predated logging activities in the mixed conifer zone, helping to reconstruct

earlier stand conditions and composition. The second data source was also obtained

from the Forest Service. It was developed from satellite imagery to characterize stand

structure.

3.2.2.1 Historic Stand Type Maps

Interpretation of aenal photos and identification of the eastern ecotone of the

mountain hemlock series was aided by a U.S.D.A. Forest Service Forest Type Map of

Deschutes County, Oregon, prepared by forest survey in 1953 (scale 1" = 1 mile). This

survey was used to coincide in time with the 1959 aerial photos used for primary

delineation of infection centers. This was important to reveal the low-elevation east side
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extent of detected root disease centers in mixed conifer stands which were subsequently

thinned or logged, making location of infection centers difficult. Distance from the

eastern mixed conifer zone (Figure 11) was derived from this map. The ecotone tends to

follow the shape of the landforms, primarily the two stratovolcanoes. The westward-

pointing finger coincides with the pass between 'The Twins' and Maiden Peak. The

eastward-pointing finger and the occlusions represent local northerly exposures.

3.2.2.2 Satellite image-derived Stand Size Structure Layer (Pacjfic Meridian
Resources)

Polygon-level vegetation data, such as was available in Forest Service Stand Type

Maps, was useful for delineating general host distributions and fire patterns, but was of

limited descriptive value for this study since most infection centers occurred in a single

class, FM4 (true fir, mountain hemlock, 21"+ dbh). It was hoped that structural

attributes of stands immediately adjacent to infection centers would reflect (i) relative

time since disturbance by fire and (ii) general trends in host size related to site

conditions. Both of these are linked to root disease dynamics through an influence on

host size and post-fire persistence time as a saprophyte.

Rather than attempt to create a unique data layer characterizing canopy size structure

for the study area, I elected to test the utility of an existing data layer developed for the

Forest Service by Pacific Meridian Resources (Figure 12). Necessary coverage was

obtained from Willamette and Deschutes Nation Forests and merged into a single file.

The layer was classified into 39 canopy structure and land covertype classes. The

rationale for using these data was that they provided an opportunity to test the utility of

this data layer and provide future opportunities for study replication elsewhere in

Oregon and Washington.
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Figure 11. Data layer depicting distance from the eastern mixed conifer ecotone. Scale
= 1:158,730, pixel size = 25 x 25 m. Location of the ecotone was derived from U.S.
Forest Service Forest Type Map of Deschutes County, Oregon, prepared by forest survey
in 1953 (scale 1" = 1 mile). Progression from blues through red denote increased
distance from the ecotone. Distances were obtained using the SPREAD routine in
ERDAS.
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The classes were based upon multispectral imagely from 1988 Thematic Mapper

satellite coverage. Thematic Mapper imagery actually consists of7 individual images

scanned from different portions of the electromagnetic spectrum ("bands"), three from

the visible region, and three from the infra-red and one from the thermal infra-red

region. Ground resolution of the raw data is 28.5 meters. Classification of satellite

imagery involves finding the combination or transformation of bands that best

discriminates desired features on the ground under the widest range of conditions. Each

pixel is assigned a class based upon its spectral characteristics. There are several general

strategies, but all involve continuous analyst judgment.

The imagery upon which this layer was based is representative of stand conditions

29 years older than the 1959 photos used for the primary delineation of infection

centers. The data was roughly concurrent, however, with the 1987 photos used for the

construction of orthophotoquad base maps. The digitized root disease data layer

represented the location of infection edges as they were in 1987.

No error assessment was attempted on the existing classification system within

the boundaries of the study area due to the large number of classes. Spatial

misregistration and mixed pixel signals (which occur when differing covertypes occur

within the footprint of a single pixel) both contribute to error in such cases. I opted to

evaluate the data in qualitative terms. The only portions of the database of interest

were areas inside and within 125 meters of delineated edges of infections. Obvious

differences in canopy size structure between the 'uninfected' matrix stand, the zone

of mortality, and the zone of regeneration within centers were expected to be

represented in the PMR data. There are more subtle differences between northern and

southern perimeters of infections as well. Tree regeneration proceeds faster along the

southerly perimeter, protected by the shading influences of the overstory. In photos,

infections appear to be somewhat oval, with the major axis in the east-west direction.
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Figure 12. Depiction of the canopy size structure data layer obtained from Willamette
and Deschutes National Forests, prepared from 1988 Thematic Mapper imagery by
Pacific Meridian Resources. Scale = 1:158,730, pixel size = 25 x 25 m. The raw layer
contained 39 classes. Yellow and light blue depict brush, seedling-sapling-pole classes,
greens and dark blue represent small, medium and large classes. Reds represent certain
small size classes characteristic within regenerating bums 120 - 175 years bp. Water is
represented by navy blue.
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Qualitative assessment approach - Qualitative testing of the data was done

globally, rather than by sampling. The comparisons made were:

canopy size structure of infection polygons with 25 meter buffers vs. the adjacent

100 m sampling zone;

comparison of northerly exterior polygon edges against southerly exterior edges;

comparison of northerly interior polygon edges against southerly interior edges.

Discrimination of northerly and southerly edges of infection polygons was done

using a series of GIS routines described in Appendix H.

Assessment results - The PMR canopy size structure layer appears to

correspond reasonably well to photo interpreted stand characteristics, but the grain

size (25 m) was apparently too large to capture the distinct mortality zones associated

with root infection centers in the study area. Recent (< 200 years bp.) fires were

readily discernible. As might be expected, high contrast areas were more readily

discerned than low contrast classes. Small infection centers and complexes were also

not as readily detected as large centers.

Table 2 depicts class frequency inside infected areas from areas in the adjacent 100

meter-wide sampling zone, where infection was not detected. The major difference

appears to be in the medium and large canopy size structure classes, and the small-

multistoried ++ class.

Table 3 displays the differences in class frequency as a function of whether the

pixels were interior or exterior infection polygon edges, and whether they were on the

northerly or southerly side of the gap. Both interior and exterior edges are assumed to be

influenced by mixed pixel signals as previously described. In general, the PMR data

appears to reflect the general differences between northerly and southerly distinctiveness

of infection perimeters. The northerly pixels had higher levels of seedling-sapling-pole

46
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pixels, where regeneration is small and sparse in photos. Southerly pixels had higher

proportions of pole-multistoried +, reflecting more vigorous regeneration. Contrast was

higher for interior than for exterior edges. The bare zone appears to be characterized by

the class small-multistoned -, perhaps due to mixed pixel signals.

In general, the data appeared consistent with photo interpreted observations, but the

decision was made to greatly simplify the classification scheme to reduce error and to

account for differences associated with site conditions. All medium and large classes

were merged, with the addition of the small-multistoried ++ class, since they appeared

to best distinguish 'infected' from adjacent matrix stand conditions to form the variable

MED&LG. They also represented classes with the largest tree classes. After this

merging, I reasoned that the local abundance of MIED&LG pixels would reflect

general availability of large stumps and root systems to aid in long-term post-fire

persistence of Phellinus weirii in a saprophytic state. If long-term persistence and root

disease intensification is linked to host tree size at time of fire, then large infection

centers and complexes were expected to be surrounded by higher proportions of

MED&LG than small centers.
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Table 2. PMR size structure classes within infection polygons with the 25 meter
buffer, and within the 100 meter-wide sampling zone for the Waldo Lake study area.

Value
(Inside +25 m Buffer) (Sampling Zone)

Description Ha (%) Ha (%)

1 water 0.500 0.03 10.187 0.48
2 rock, sparsely vegetated 3.500 0.18 4.187 0.20
3 snow 0.000 0.00 0.000 0.00
4 grass 0.062 0.00 0.125 0.01
5 shrub 2.125 0.11 2.562 0.12
6 agricultural and developed 0.000 0.00 0.000 0.00
7 vigorous shrub 0.3 12 0.02 0.062 0.00
8 decadent shrub 0.000 0.00 0.062 0.00
9 0.000 0.00 0.000 0.00
10 seed-sapling-pole 72.562 3.73 23.062 1.10
11 pole 0.000 0.00 0.000 0.00
12 pole-small 87.000 4.47 13 1.000 6.22
13 small 0.000 0.00 0.000 0.00
14 small-medium 31.750 1.63 30.000 1.43
15 medium 0.000 0.00 0.000 0.00
16 medium-large 2.062 0.11 2.375 0.11
17 large 0.000 0.00 0.000 0.00
18 large-giant 0.000 0.00 0.062 0.00
19 giant 0.000 0.00 0.000 0.00
20 po1eIMSLD 40.875 2.10 8.437 0.40
21 polefMS+ 323.437 16.61 344. 125 16.35
22 pole/MS++ 0.000 0.00 0.000 0.00
23 sma1IIMSLD 45.250 2.32 8.3 12 0.39
24 small/MS- 751.750 38.61 496.062 23.57
25 smalL'MS+ 331.375 17.02 469.250 22.30
26 smallIMS++ 72.812 3.74 221.000 10.50
27 medjum/MSJ.D 6.687 0.34 0.8 12 0.04
28 mediumlMS- 75.187 3.86 154.500 7.34
29 mediumlMS+ 89.375 4.59 174.687 8.30
30 large/MSLD 0.000 0.00 0.000 0.00
31 large/MS- 6.187 0.32 13.750 0.65
32 largefMS+ 4.125 0.21 9.875 0.47
33 giantJMSLD 0.000 0.00 0.000 0.00
34 giant'MS- 0.000 0.00 0.000 0.00
35 small/seed 0.000 0.00 0.000 0.00
36 medium/seed-sapling 0.000 0.00 0.000 0.00
37 large/seed-sapling-pole 0.000 0.00 0.000 0.00



Table 3. PMR size structure classes immediately inside and outside northern and
southern perimeters of infection polygons. (Each one pixel, 25 m wide).
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Value /Description Ha
N- in

(%) Ha
N-out

(%) Ha
S-in

(%)
S-out

Ha (%)

I water 0.000 0.00 1.390 0.28 0.927 0.29 1.699 0.33
2 rock, sparsely veg.'d 1.390 0.43 1.699 0.34 2.008 0.62 2.162 0.42
3 snow 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
4 grass 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
5 shrub 2.934 0.90 1.081 0.22 1.081 0.33 0.463 0.09
6 agricultural and dev.'d 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
7 vigorous shrub 0000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
8 decadent shrub 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
9 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00--
10 seed-sapling-pole 18.997 5.81 9.885 1.99 5.406 1.67 5.869 1.14
11 pole 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
12 pole-small 13.900 4.25 23.167 4.66 15.908 4.90 28.109 5.46
13 small 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
14 small-medium 4.170 1.28 11.583 2.33 6.023 1.86 13.746 2.67
15 medium 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
16 medium-large 0.309 0.09 1.853 0.37 0.772 0.24 1.081 0.21
17 large 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
18 large-giant 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
19 giant 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
20 pole/MSLD 2.626 0.80 3.398 0.68 1.699 0.52 1.236 0.24
21 pole/MS+ 42.782 13.08 77.841 15.66 55.755 17.17 78.613 15.27
22 pole/MS++ 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
23 smaIIIMSLD 6.641 2.03 3.861 0.78 4.016 1.24 2.008 0.39
24 small/MS- 114.908 35.14 143.017 28.77 88.961 27.40 118.306 22.98
25 small/MS+ 83.092 25.41 132.669 26.69 90.814 27.97 151.666 29.46
26 small/MS-H- 3.398 1.04 15.599 3.14 11.583 3.57 26.565 5.16
27 mecliumfMSLD 3.707. 1.13 2.162 0.43 2.471 0.76 1.699 0.33
28 medium/MS- 11.275 3.45 34.905 7.02 18.379 5.66 44.635 8.67
29 medium/MS+ 15445 4.72 27.800 5.59 16.371 5.04 31.353 6.09
30 large/MSLD 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
31 large/MS- 1.081 0.33 3.707 0.75 1.081 0.33 4.016 0.78
32 large/MS+ 0.309 0.09 1.544 0.31 1.390 0.43 1.544 0.30
33 giant/MSLD 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
34 giant/MS- 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
35 small/seed 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
36 medium/seed-sapling 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00
37 large/seed-sapling-pole 0.000 0.00 0.000 0.00 0.000 0.00 0.000 0.00



3.2.3 Precipitation

The general shape of precipitation distribution was desired for this study for

support of the fire regime heuristics by location of the general position of the

rainshadow created by the Cascade mountains. The assumption of unifonnity of soil

and weather conditions was not made in this study. Changes in vegetation occur

quickly across the Cascade divide reflecting a rapid decrease in mean annual

precipitation on the east side. The precipitation gradient is not as steep west of the

crest. Gradient slope was assumed to reflect potential sensitivity of vegetation and

disturbance regime to climatic fluctuations.

A normal annual precipitation map, prepared by the U.S. Army Engineer District

(Portland, Oregon Feb. 1967), and reflecting an interpolation of precipitation records

over a 67 year period was digitized as previously described. Units were in 2 inch

intervals. The mid-point of each interval, converted to cm, was used as the variable

MAPPT (Figure 13). The error in the map cannot be determined, and was interpreted

vely loosely as the general distribution of precipitation across the orographic gradient.

3.2.4 Topographic Influences - exposure and barriers to spread

Barriers - Root infection centers typically expand radially unless constrained by

factors influencing root-root contact or species susceptibility. This was observed in a

root excavation study conducted in British Columbia by Reynolds and Bloomberg

(1982). In portions of the landscape where disturbance by fire is infrequent, the

likelihood of encountering obstructions may increase, possibly influencing the size

and shape of infection centers, and ultimately constrain the movement of genets

through the landscape. To determine whether barriers to spread may have been

influential in the pattern of detected infection centers, a barrier map layer (Figure 14)

was created on overlays of USGS 1:24,000 topographic maps and digitized. Potential
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barriers were defined as all incised topography where contour lines on 1:24,000

U.S.G.S. topographic maps changed direction with angles less than or equal to 90

degrees. Although crude, this layer appeared to correspond reasonably well with

visible topographic complexity.
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Figure 13. Map of normal annual precipitation for the study area, derived from a
normal annual precipitation map prepared by the U.S. Anny Engineer District (Portland,
Oregon, Feb. 1967) reflecting 67 years of precipitation records. Scale = 1:158,730, pixel
size =25 x 25 m. The original data was in 2 "intervals, which was converted to cm for
the study. Dark colors represent higher normal annual precipitation.



Figure 13.

4846000

4844000

4842000

Z 4840000t
0

0

t 4836000

>-

4836000

4834000

4832000

4830000

570000

UM-X (meters east)

Scale =- 1:158,730

575000 580000 585000 590000



54

Figure 14. Data layer depicting distribution of potential barriers (yellow) to below-
ground spread of Phellinus weirii. Scale = 1:158,730, pixel size = 25 x 25 m. See text
for the operational definition of "barrier". The layer was derived from U.S.G.S. 1:24,000
scale topographic maps and the Forest Service canopy structure data previously
described.
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The rationale for considering incised topography as a potential impediment to

spread include reduced tree densities, greater erosion, saturated soils, and ponded water,

as well as personal field observations. To this basic layer were added water bodies,

rocky areas, and non-forested areas (except those due to logging, road construction, and

other man-made features) from the Pacific Meridian Canopy Structure data layer.

Exposure - General orographic exposure was approximated by defining the

landscape as west or east of the Cascade crest. Within the study area, the crest is

oriented approximately north-south. The operational definition of the crest was the

UTM coordinate 583,000 m east, since it passed through the summits of the two largest

landforms, the siratovolcanoes 'The Twins' and 'Maiden Peak', referred to as the

variable E/W.

Aspect octant was estimated from the 1:24,000 topographic maps for the sampled

foci (n = 38) used for hypothesis testing. Aspect (in degrees), and slope (in %) were also

estimated for the orientation of the multi-center genets mapped by Dickman (1984;

Dickman and Cook 1989) and slopes on which they were situated. Genet orientation in

the direction of the slope aspect was predicted if landform pattern tends to constrain

long term diffusion of genets through the landscape. Swanson etal. (1992) performed a

comparable analysis to assess the orientation of disturbance with respect to

geomorphological processes, fire, and clear cutting in the H. J. Andrews Experimental

Forest in the central Oregon Cascades.

3.3 SPATIAL STATISTICS

Many root disease studies have relied upon multivariate methodologies to identify

factors predictive of root disease presence or absence, or level of damage. Very few

have included spatial attributes as explanatory variables. Spatial statistics have been

used to study disease epidemics in general, and on occasion to investigate the dynamics
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of plant diseases such as anther smut Microborrywn violaceum (Real and McElhany

1996). As discrete spreading phenomena, root diseases such asP. we/ru lend themselves

well to spatial analyses. The ability of P. weirii to persist through stand-replacing

disturbances further emphasizes the importance of spatial distribution patterns as

explanatory variables.

There are a wide range of spatial statistical tools available, some quite familiar to

field ecologists for studying population densities, and characterizing distribution

patterns, such as nearest neighbor distance methods, and indices of dispersion (Krebs,

1989). Others are relatively recent developments adapted from other fields, such as the

suite of geostatistical procedures originally developed to better envision the distribution

of ore deposits prior to mining At the core of all spatial statistics is the characterization

of differing degrees of dependence of errors between sample points vazying in distance

and direction, referred to as spatial autocorrelation. The mathematical description of the

spatial autocorrelation is known as a structure function. The utility of each method is

dependent upon the research objectives and sensitivity to pattern components of interest.

Understanding how sensitive differing procedures are to differing spatial structures is

very important. The correlogram, one type of structure function, for example, is not

sensitive to differences between a gradient and an abrupt change in values. If the

underlying spatial structures are not readily detectable prior to analysis, subsequent

interpretation of the results may be difficult. A good review of potential applications of

spatial statistics in ecological studies, and potential pitfalls can be found in Legendre

and Fortin (1989).

3.3.1 Applicability

In this study, I refrained from using spatial statistics for descriptive purposes only,

except to expose trends in stand structural attributes associated with the range of

infection foci radius classes. For this I used an adaptation of Ivlev's Electivity Index
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(Krebs 1989; Pastor and Broschart 1990). My objectives required that I determine

whether randomly sampled foci were spatially autocorrelated, since that determined

whether the underlying assumptions of parametric statistical procedures would be met. I

suspected that the response of host vegetation and infection center radius distribution

would be characterized by an east-west gradient, but could not rule out a sharp transition

associated with general orographic exposure. Response to an orographic gradient would

mean that samples could not be spaced sufficiently wide apart to avoid spatial

autocorrelation. For determining global significance of spatial autocorrelation, I used

Moran's I for point data (Edbon 1988), since the sample locations were single pixels.

Autocorrelation directionality was characterized using the Mantel test (Mantel 1967).

For data collected in observational studies, a common cause for correlation between

variables is the presence of a shared spatial gradient, such as a range of exposures or

elevation. Interpreting the strength of relationships between variables after accounting

for common underlying spatial gradients was achieved using an adaptation of the Mantel

test known as the Partial Mantel test (Legendre and Trousselier 1988; Legendre and

Fortin 1989).

For convenience, the procedures used in subsequent tests will be described below,

including Ivlev's Electivity Index, Moran's I, the Mantel Test, and the Partial Mantel

Test.

3.2.2 Ivlev's Electivity Index

The association of canopy size structure with infections of differing radius classes

was characterized using Ivlev's Electivity Index (Es). This index was originally

developed to investigate food preferences among animals, but has been applied for

characterization of covertype association with environmental variables (Pastor and

Broschart 1990) so falls loosely under the heading of spatial statistics in this application.
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While there are variants of the index, most researchers have preferred using the original

calculation method (Krebs 1989) presented below.

r1 - n

E1.
Ti + fli

where E1 = Ivlev's electivity index measure of affinity of a foci size class for a

PMR size structure class

r1 = Percentage of size structure class i adjacent to a foci size class

n = Percentage of size structure class i in all the sampling bands adjacent

to all foci size classes in the study area.

The electivity index ranges from -ito +1, representing avoidance to affinity. When

Ei is graphed against foci radius, the relationships between relative frequencies of the

many classes becomes clearer, since there is no doubt considerable overlap among

classes. The canopy size structure classes were lumped into three families; (a)

directionally consistent and positive for large foci radii (> 100 m), (b) directionally

consistent and negative for large foci radii, and (c ) directionally inconsistent classes.

3.3.3 Moran's I

Moran's I is one measure used to describe spatial autocorrelation. Significant

positive values imply clustering, while significant negative values imply dispersion.

Since the sample units in this study were defined as i-pixel foci, a formula was used to

calculate Moran's I involving point values. For the 38 foci included in the sample, 703

distances were calculated. The following formulas, and the BASIC program for

calculation of Moran's I are from Edbon (1988). The weight used in the formula was the

reciprocal distance between points. The formula used was:



fl (1,)W (x, - Xxj -

I
()((W) (x - -

where I is the Moran's spatial autocorrelation coefficient, n is the number of sample

pixels, x is the value for a pixel, x-bar is the mean value of the variable for all sample

pixels, x, and x are values of a pair of pixels compared, w1 represents the reciprocal

distance between pixels i andj, and ) represents the summation of all possible

combinations of (n(n-1)12) pairs of pixels.

Overall significance of I was based upon randomization, where the spatial

arrangement of the observed values is compared with all possible spatial combinations.

The expected value of I if the spatial arrangement of values occurred by chance, E1,

is -(lI(n-1)). The equation for the standard deviation using the randomization test is:

n[(n2 + 3 - 3n)(()w2) + 3(()w1)2 - ) J - k[(n2 - n)(G,)w2) +

6(Z()w1)2 -

)
(n - lXn - 2)(n - 3) ((()w)2)

k represents the equation for kurtosis:

k=
n(((x )2/fl)1/2)4
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The null hypothesis tested by this method is based on the specific set of sample

points drawn, and thus has fewer assumptions than a test assuming the samples had been

drawn from a randomly distributed population. Moran's I was converted to a standard

normal deviate using the formula:

Calculated z values obtained for each variable were then compared to the critical

value from a standard normal deviate z at a significance level of 0.05 (two-tailed tests).

The H0 was rejected if the calculated z value exceeded the absolute value of the critical

z.

The application of Moran's I used assessed whether there was evidence of

significant spatial autocorrelation for all distance classes, and all directions. It was

visually obvious that much of the autocorrelation was driven by major east-west

gradients in the data. To evaluate the best means for capturing the influence of the east-

west gradient for all variables, a series of Mantel tests were performed.

3.3.4 Mantel and Partial Mantel tests

Although the sampling was randomized, it was assumed that residual spatial

autocorrelation would influence results for at least a portion of the variables considered. It

was also assumed that there would be directional differences in the degree of spatial

autocorrelation due to the orographic gradient The Mantel test was used to determine

whether there was a significant linear relationship between geographic proximity between

sampling points and difference between factor values. The relative importance of the

orographic gradient on sample independence was assessed by determining how much of the

spatial similarity was attributable to the west-east gradient

z=
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Matrices of Euclidean distances between sampling points were constructed for each

variable, including foci radius class, proportion medium and large tree size class pixels in

adjacent stands, precipitation in mm, geographic distances in meters, and distance from the

resistant host ecotone in km. Detection of spatial autocorrelation was based upon a

significant association between the geographic distance matrix and another variable distance

matrix using the Mantel test (Mantel 1967). The Mantel test was developed to detect

clustering of disease in space and time and has become a useful tool for geographers and

population biologists alike (Smouse et al. 1986). It has recently been used to investigate the

influence of spatial proximity in plant-pathogen interactions (Real and McElhany 1996).

Chief advantages of this procedure are that it does not require compliance with the

restrictive assumptions needed for parametric tests that are often violated in ecological data,

and that it can be used to reveal spurious correlations between variables attributable simply

to spatial proximity of sample points (Legendre and Fortin 1989). Patterns of underlying

spatial distributions of ecological phenomena can be useful themselves, in that they suggest

scales and distributions of interactions, and provide clues to the relative importance of

potential causal relationships. Linking pattern and process has become a major quest in the

field of landscape ecology.

The traditional Mantel statistic is simply the sum of the cross products of a pair of

distance matrices, using only the upper half of each matrix, and excluding the diagonal.

Z9XiJYij for i = j, where i and j are row and column indices

Since Mantel's z statistic is unfamiliar to most readers, and since its magnitude is not

constrained, a normalized version is often used. The Normalized Mantel statistic (Legendre

and Fortin 1989) is:

r = [l/(n-l)II(xj - i)/sJ[(y -



63

As Legendre and Fortin (1989) point out, the Mantel statistic is a linear formula not

unlike the Pearson's correlation coefficient. The significance of the statistic is estimated

through a Monte Carlo procedure, whereby the values in rows and columns of one matrix

are reshuffied and the statistic recomputed. The frequency of values as great or greater than

the observed statistic following 1000 random permutations is taken to be the estimated

significance of z or r. The null hypothesis is that the observed statistic could have been

obtained by chance alone. If the observed value is larger than would be considered likely,

then the null hypothesis of spatial independence of a variable with randomly selected

sample foci is rejected. The Bonferroni-correction of the threshold c'-level required for

rejection of the null hypothesis is based upon the number of matrices compared, but the

correction factors are applied separately to Mantel and partial Mantel comparisons, as will

be discussed later. Calculation of Mantel statistics was performed with the "RT" package

written by Bryan Manly (Version 2.0, West, Inc.). Descriptive and nonparametric statistics

used in the study were conducted with KWIKSTAT (Version 3.3, TexaSoft).

When spatial autocorrelation has been detected, correlation between variables may

be falsely elevated. A closer estimate of the correlation between two variables requires

that any similarity due simply to a shared spatial gradient first be factored out. This can

be done using a derivative of the Mantel test known as the Partial Mantel test. The

Partial Mantel procedure is comparable to partial correlation analysis. The objective of

the approach is to determine whether a significant statistical relationship between two

factors remains after accounting for a third variable. Partial Mantel tests can be used in

assessment of goodness of fit for causal modeling. For this procedure, matrix A is

regressed on matrix C, producing a matrix A' of residuals of A on C. Matrix B is also

regressed on matrix C, creating a matrix B' of residuals of B on C. Then the z.c or

is calculated between the two matrices of residuals A' and B' (Legendre and

Troussellier 1988), and the significance estimated through 1000 random permutations of

one of the matrices as described for the Mantel test.



3.4 BASIDIOSPORE COLONIZATION

As discussed in previous sections, P. weirii basidiospore-initiation of infections is

generally thought to occur very infrequently. Previous interpretation of the pattern of

genet distribution in the 3900 ha subset of the study area suggested evidence for

common post-fire establishment of infections by basidiospores (Dickman and Cook

1989), representing a major departure from the prevailing theory. They based their

interpretation on two factors; the shape of centers (circular vs. irregular outline), and

dispersion pattern of urnque genets among clonal genets. They felt that too many of the

unique genet centers appeared to have arisen from a point source to be recrudescing

inoculum, and that unique genets were distributed in an improbable fashion between

clonal genets. I noted that many of the clonal infection centers also appeared to have

originated from a point-source, and that genet status (clonal vs. unique) appeared to be

stratified by slope position. Clonal genets appeared more abundant downslope than

upsiope. In this section I reexamined the data using two different approaches to reassess

the interpretation reached by Dickman and Cook, since it was very important for

understanding the temporal framework of the pattern development process.

3.4.1 Methods

Two approaches were used to reexamine the genet dispersion data. The first

involved testing the assumption that infection center shape was a reasonable criterion

for distinguishing infections of recent origin (since the last fire) from those which

recrudesced from preexisting inoculum. To accept shape, the proportion of centers

which appear to have developed from a point source for unique genet centers should be

significantly higher (a = 0.05) than for clonal genet centers. A test of independence

between the variables shape (point-source vs. irregular) and genet status (unique vs.

clonal) was conducted.
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Figure 15 Dickman clone map (Redrawn from Dickman and Cook 1989). Refer to
area "C" in Figure 10.
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The second approach examined one aspect of the spatial distribution of the unique

genet centers and those with vegetatively compatible neighbors. Two transects were

defined, one connecting all down-slope centers in the data set, and the other all up-slope

infection centers (figure 15). The frequency of clones in the two transects was compared

with a x2 test. If unique centers tend to be interspersed between clonal centers. As has

been described, then there is no reason to suspect that the two transects should differ in

terms of the proportion of clonal centers. The null hypothesis tested was that slope

position and clone abundance are independent.

1km

0 Unique centers Upsiope transect
I Clonal centers Downslope transect



3.4.2 Results

15 of the 31 clonal centers appeared to have originated from a point source, and 17

were irregularly shaped suggesting recrudescence from multiple sources. 17 of the

unique genets appeared to have originated from a point source while 14 had irregular

outlines. The x2 for the test was only 0.400(1 df, p = 0.528) indicating that there was

insufficient evidence to reject the null hypothesis that shape class and genet class are

independent. A ratio of 22 point-source to 9 irregularly shaped centers would have been

required to meet the predetermined a-level of 0.05. I conclude that evidence for recent

spore origin (since the last fire) cannot be made using shape as a criterion since

recrudescing inoculum often appears to have originated from a point-source.

Centers on the down-slope transect (total n = 26) were much more likely to have

vegetatively compatible neighbors (clonal n = 19), than up-slope centers (total n = 14,

clonal n = 2). The x2 value calculated for the contingency table was 12.163, with 1 df.

The 1-tailed Fisher Exact Test significance level was < 0.0005. The Fisher exact test

was used because one expected cell value was less than 5, so x2 analysis may not be

valid. The null hypothesis of independence between slope position and clone abundance

is rejected.

3.4.3 Interpretations

The results of neither test is suggestive of frequent post-fire recolonization of stands

by basidiospores. Most of the centers that lack vegetatively compatible neighbors are

still probable survivors of one or more stand-replacing fires, representing the effects of

disturbance on a continuum of extant infection center sizes. The apparent topographic

stratification of unique and clonal genets also suggests that a longer temporal dynamic is

required for interpreting the distribution pattern. Down-slope genets tend to be dispersed

over larger areas suggesting that they may be older than up-slope genets, reflecting
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perhaps the slow recolonization of up-slope areas after the reestablishment of

susceptible hosts at the end of the hypsithermal. Since both of the tests are based upon a

single 3900 ha area, it is also possible that the distribution pattern reflects the

cumulative effects of local disturbance. I conclude that basidiospore infection initiation

probably has not been a major process shaping observed root disease distribution

patterns within the study landscape within the context of a single fire rotation, reflecting

instead the slow accumulation of genets over multiple fire rotation intervals.

Within the 3900 ha subset area, Dickman and Cook (1989) identified 100 infection

centers and complexes. 61 were sampled representing 44 genets. Assuming that the

proportion of genets can be applied to all 100 infection centers, the area probably

contains about 72 genets. This translates into 2.8 genets recruited /1000 ha /1000 years,

assuming that the eruption of Mt. Mazama 6600 years bp. represents time zero. If the

end of the end of the hypsithermal approximately 3500 years bp. represents time zero,

then the recruitment rate may be close to 5.4 genets/1000 haJl000 years. Making the

assumption that fire return interval has been close to 500 years, then the recruitment rate

would likely be between 1.4 - 2.7 genets/1000 haJ500 years. Dickman and Cook

estimated that 17 of 61 centers (27.9 %) were recruited since the last fire 350 - 460

years bp. Again assuming a 500 year interval, their estimate would translate to 3.6

genets/1000 ha / 500 years. The percentage based upon shape of infection center likely

includes some post-fire recrudescing centers, so 3.6/1000 haJ500 years is probably too

high. While these rate estimates are extremely crude, to the best of my knowledge, they

represent the first attempt to estimate new genet recruitment rate. The chance of

observing the natural establishment of a center by basidiospore would appear highly

improbable if these rate estimates are reasonable.



3.5 SPREAD RATE

The descriptive statistics in section 3.2.1.2 supported the initial suspicion that

eastern infections tended to have larger foci radii than western infections and a higher

detected infection rate. Since this could result from multiple potential causes

(differential spread rate, spread time, or inoculum persistence probability), each

potential cause had to be investigated and ruled out. Spread rate seemed an obvious first

choice. A spread rate of 0.34 rn/yr has been assumed to be typical (Nelson and Hartman

1975; McCauley and Cook 1980; Dickman and Cook 1989). The spread rate

calculations of Nelson and Hartman (1975) and McCauley and Cook (1980) were based

upon infection centers sampled west of the Cascade crest or along the summit. If major

differences in spread rate between the western and eastern flanks of the Cascades in the

mountain hemlock zone were detected, it could be due either to differences in

environmental conditions and/or relative virulence of the genets. Six different clonal

genets east of the operationally defined crest of the Cascades (583,000 m east) were

used to estimate east-side spread rate. They were selected because they represented (i)

centers in areas of high disease incidence, (ii) genets capable of expanding over large

areas, and (iii) an opportunity to contrast small vs. large center spread rate within a

genet. One genet was excluded from the sample due to poor discrimination of infection

center perimeters in aerial photos.

3.5.1 Methods

Five clonal complexes identified by Dickman and Cook (1989) which were east of

the operationally defined crest of the Cascades and containing at least two centers

differing in radius and with discrete edges were identified on 1959 resource photos and

orthophotos derived from 1987 aerial photos (28 year interval). Infection centers on both

aerial photos and orthophotos were scanned using a LOGiTECH ScanMan Color 2000

hand scanner set to gray scale mode. A 1000 m scale (in 100 m increments) was
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included with all orthophoto scans to determine resulting pixel grain width in meters.

Ground control points (GCP's) were located near sampled clones on both orthophotos

and aerial photos. X,Y coordinates (pixel numbers) were recorded for each GCP, and

Euclidean distances calculated between each pair for both orthophoto and aerial photo.

This was done to detect distortion error and to calculate pixel grain size in aerial photos

(Table 4)

Paired ortho and photo images were displayed at the same scale adjacent to one

another for identification of east-west and north-south transects between edges of

mortality zones within sampled infection centers. Transect endpoint file coordinates

were recorded and distances calculated for the multi-date imagery using the established

pixel grain sizes. The difference between the half-length of the 1987 transect and the

1959 transect was divided by the elapsed time interval (28 years) to estimate transect-

specific spread rates. Separate rates were calculated for small discrete centers and large

centers/complexes for each sampled clone (n = 5). North-south transects were expected

to be more variable than east-west transects due to difficulty in discerning southern

perimeters of infection centers where succession proceeds more rapidly. Discrete clonal

infection centers were assumed to be most accurate since edges can be detected easiest,

and their clonal status confers upon them evidence of post-fire persistence, and so they

were used for the fmal comparison against published spread rates.

The limited sample size and lack of information regarding the expected

distribution of rates for the west side limited the analysis to a Mann-Whitney U-test

of ranks. The five east-west spread rates were compared against 9 of 10 spread rates

reported by Nelson and Hartman (1975). Since two of the 10 west side spread rates

belonged to the same VC group, one was randomly selected for exclusion to avoid

potential problems associated with pseudo-replication. Significance was estimated

using the Z statistic. The null hypothesis tested was no difference in median spread

rates of clones east of 583,000 mE and those reported by Nelson and Hartman for the

west side and summit



Table 4. Ground resolution of pixels in scanned aerial photos used for calculating
spread rates of individual infection centers identified by clone. Pixel distance is the
Euclidean distance between ground control points in number of pixels.
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Clone
scanned orthophoto

pixel dist.
scanned photos

dist. (m) pixel dist. ratio

390 17.8 110.4 31.2 0.5699
58.0 359.7 92.2 0.6292
24.7 153.4 37.5 0.6599
73.0 452.6 118.9 0.6140
40.3 249.9 64.4 0.6258
56.9 352.5 91.4 0.6220

mean= 0.6201
stdev= 0.0368
pixel res. (m) 3.6948

530 14.6 89.4 20.2 0.7191
84.6 519.4 115.1 0.7324

126.1 774.3 188.5 0.6692
98.8 606.6 135.4 0.7299

139.3 855.3 206.1 0.6761
71.7 440.2 105.4 0.6804

mean = 0.6997
stdev= 0.0273
pixel res. (m) = 4.2962

720 72.1 442.7 107.5 0.6709
106.1 651.5 162.5 0.6527
77.9 478.3 116.0 0.6713
73.8 453.1 103.8 0.7105

104.3 640.4 153.2 0.6810
73.8 453.1 120.0 0.6149

mean= 0.6429
stdev= 0.0397
pixel res. (m) = 3.9860



Table 4, . Continued.
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Difference between spread rates of small and large centers within clones was tested

with a Mann-Whitney U-test. The null hypothesis tested was that there was no

difference in median spread rates between large and small centers of the same clone.

3.5.2 Results

Although the sample size is small, there does not appear to be an indication that

large centers are spreading significantly faster than small centers, controlling for genet

(Table 5). There does not appear to be evidence for a spread rate east of the Cascade

crest outside the range published for the west side and the summit (mean 0.34 rn/yr.

Clone
scanned orthophoto

pixel dist. dist. (m)
scanned photos

pixel dist. ratio
1100

1340

131.2
163.6
63.2
40.6
77.1

115.5

98.7
80.4
77.8
85.1
21.2
70.7

813.6
1014.4
392.1
251.8
478.2
716.3

611.8
498.2
482.6
527.9
131.5
438.4

197.2
243.6

99.9
61.4

112.3
169.6

mean =
stdev =
pixel res. (

139.2
123.1
118.9
119.4
20.2

109.6
mean=
stdev=
pixel res. (m) =

0.6654
0.6717
0.6333
0.6615
0.6869
0.6812
0. 673 3

0.01 12
4.1745

0.7090
0.6529
0.6545
0.7131
1.0476
0.6451
0.6771
0.0451
4.1978



a
Clone number coincides with published clone age estimate (Dickman and Cook 1989)

72

range 0.12 - 0.58). The small centers averaged 0.38 ± 0.10 rn/yr. and the large centers

0.43 ± 0.12 rn/yr (based upon east-west spread transects). Assuming that the differences

were attributable solely to local conditions rather than genet, an average of 0.41 rn/yr

was obtained. The difference between the results obtained here and earlier published

estimates may simply be attributable to differences in methods used for measurement

and to the small sample size. East-west transects were judged to be more accurate than

north-south transects because they tend to be less influenced by shadow and the

perimeters are distinct. Sheltered southern perimeters often have considerably denser

regeneration, tending to disguise the leading edge of infection, which no doubt leads to

error in estimates of spread rate. At this resolution, mixed pixel signals also are

important to consider, since they tend to mask the true edge of mortality zones. This

Table 5. Spread rates calculated in E-W and N-S transects for the smallest and largest
fragment for 5 clones identified by Dickman and Cook (1989) are reported, based upon
photo interpreted changes between 1959 and 1987. All clones are east of the Cascade
crest and on easterly and southerly exposures. Stand age reported by Dickman and Cook
(1989) is 460 years.

Clonea
spread rate (east-west)
smallest largest

spread rate (north-south)
smallest largest mean stdev

390 0.45 0.33 0.43 0.23 0.36 0.16

520 0.30 0.21 0.43 0.48 0.36 0.13

720 0.31 0.48 0.20 0.17 0.29 0.10

1100 0.53 0.74 0.74 0.38 0.60 0.11

1340 0.31 0.38 0.76 0.50 0.49 0.13

mean: 0.38 0.43 0.51 0.35 0.42
stdev: 0.10 0.12 0.23 0.10
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does not appear to be the case for the 5 clones examined. Since the samples were from

an area of historic disease intensification, a difference should have been obvious if

present, so I feel comfortable extending the range of inference to the study area in

general. The results suggest that differences in lag time and persistence levels, rather

than spread rates may better explain the observed difference in mean focus radius on

western and eastern flanks of the Cascades.

The east-west spread rates calculated for the small clone fragments were compared

against 9 of the spread rates reported by Nelson and Hartman (1975) (table 6) using a

Mann-Whitney U test. Mean rank of the clonal spread rates was 8.20, and that of the

N&H centers 7.11. Mann-Whitney U' = 26.00, U = 19.00, Z = 0.400, and the estimated

significance p = 0.689. The mean N&H spread rate was 0.347 rn/yr (stdev = 0.169,

median = 0.42), and that of the 5 clones was 0.380 rn/yr (stdev = 0.104, median = 0.31).

The hypothesis of no difference in median spread rate ranks could not be rejected. There

does not appear to be evidence for a major difference in vegetative spread rates in areas

where root disease appears most destructive within the study area.

A Mann-Whitney U test was run to determine whether there was a difference in the

east-west spread rates between small and large clonal centers. The assumption was

made in this case that spread rate was independent of clone, and entirely dependent

upon local environmental conditions. Calculated spread rates for five small, discrete

centers were compared against rates of their associated larger centers. The mean rank of

the small centers was 5.00, and that of the larger centers/complexes 6.00. Mann-

Whitney U' was 15.00, U = 10.00, Z = 0.4 18, and the estimated p-value 0.676, based

upon the z statistic. Based upon this test, although obviously limited in sensitivity, there

does not appear to be a major difference in spread rates between small and large clonal

centers on the east side of the study area. The results of these two tests fail to suggest

that factors influencing spread rate have been major contributors to the apparent

differences in root disease intensification between the western and eastern slopes of the

Cascades.
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Dickman and Cook (1989) estimated that the oldest center within the area of

mapped clones had been spreading for 423 years, assuming a spread rate of 0.34 mlyear.

That clone was not included in this study since it was west of 583,000 m east. The

smallest clonal centers sampled appear to have been spreading for the last 129 - 179

years. Spread time for the largest infestations is more difficult to estimate since these

tend to be the product of coalescence, so are far more prone to error. Spread rate was

based on east-west transects which did not necessarily correspond to the shortest

distance for these complexes (Table 7). Table 8 addresses this issue, reporting the best

estimates for recrudescence lag times based upon the apparent maximum focus radius

within what were commonly multi-focus infestations. In addition, the table reports the

range of recrudescence lag time estimates from the smallest and largest centers. It is

worth noting that the largest center is not always the first to recrudesce, since radius and

area represent both spread and coalescence. Inoculum appears to recrudesce for a period

ranging from 40 -216 years.



Fact-side flickman Clones Nelson X' J-Jartman centers

0.45 0.15 rn/yr
0.30 0.42
0.31 0.49
0.53 0.12
0.31 0.25

0.20
0.42
0.49
0.58

Mean 0.38 0.35
stdev 0.10 0.17
median 0.31 0.42

There does not appear to be evidence to suggest that larger clones have spread

faster than small clones, although the sample size is small.

3.5.3 Interpretations

Although mean east-side spread rate was slightly higher than the published west-

side rate, the difference was not significant, so at this point there is insufficient evidence

to reject the null hypothesis of independence between landscape position and infection

center spread rate. No evidence was found to suggest that small centers of a VC group

have been spreading more slowly than large centers/complexes, implying that the

differences in sizes reflect differential inoculum persistence and recrudescence lag

times. While the sample size is obviously small, it still suggests that differential spread

rate probably has not been a major process contributing to observed disease distribution

patterns. A larger sample size, drawn from clonal genets from a broader sampling area is

needed to confirm this.
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Table 6. Spread rate (m/yr) comparison between 5 Dickman clones east of 583,000 m
E and 9 of the 10 centers reported by Nelson and Hartman (1975) for the west side and
summit.



Estimated ages by spread rate

a Clone number coincides with published clone age estimate (Dickman and Cook 1989)

B. (Largest identified centers in sampled clones, based on east-west transect)

Estimated ages by spread rate

a
Clone number coincides with published clone age estimate (Dickman and Cook 1989)

note: the east-west estimate tends to be influenced strongly by coalescence of adjacent centers, so
strongly biases age estimates of centers.
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Table 7. Infection center age estimates based upon east-west spread rates and for small
and large infestations. The spread rate of 0.38 rnlyr represents the rate of small centers,
and 0.41 rn/yr represents the average of both small and large centers. Spread rates for the
large centers are based upon east-west transects, not necessarily the shortest distance,
biasing age estimates.

A. (Smallest identified centers in sampled clones)

Clonea specific 0.38 rn/yr difference 0.41 rn/yr difference

390 207 179 + 15.6% 166 +24.7%

530 458 253 +81.0 234 +95.7

720 152 192 - 20.1 178 - 14.6

1100 385 751 - 48.7 696 - 44.7

1340 241 481 - 49.9 446 - 56.0

Clonea specific 0.38 rn/yr difference 0.41 rn/yr difference

390 152 179 -15.8% 166 - 8.5%

530 164 129 +27.1 120 +36.7

720 160 131 +22.1 121 +32.2

1100 99 139 -28.8 129 - 23.3

1340 170 139 + 22.3 129 + 31.8
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Table 8. Best recrudescence lag time for the largest center of east sampled clone, based
upon the best estimate of maximum focus diameter (as opposed to maximum distance
across a coalesced complex) and two spread rate estimates.

Estimated ages by spread rate
0.38rn/yr 0.41 rn/yr

Estimating the age of infection complexes is difficult where considerable

coalescence of centers has occurred. I have more confidence in the rates ofspread

obtained for the larger centers, than for their accompanying age estimates for this

reason.

Based upon this limited analysis, it would appear that the sources of inoculum from

a genet continue to recrudesce for a period of 40 - 216 years, as roots of highly

susceptible mountain hemlock contact inoculum on dead roots, or on the roots of more

resistant species such as semi lodgepole pine. The age estimates of the small centers

imply that a recrudescence lag time of 230 - 330 years is possible in stands 360 - 460

years old, assuming a spread rate between 038 - 0.41 rn/year. While the samples were

drawn from a limited area, the long lag time suggests that cryptic inoculum may be

common in the study area, and strongly points to a role of disease-resistant and/or fire

resistant hosts as temporal bridges of infection. Mountain hemlock roots decay very

quickly, so it is unlikely that delayed recrudescence results from contact with Phellinus

in a saprophytic state, but instead may be due to contact with infected lodgepole pine,

white pine, or subalpine fir. Since there is no evidence for a markedly faster spread rate

in centers east of the Cascade crest withm the study area than the previously published

estimate of 0.34 rn/year, or that small clonai centers have been spreading more slowly

Clonea large center small center (duff.) large center small center (duff.)

390 134 179 45 124 166 42
530 184 129 55 171 120 51
720 174 131 43 161 121 40

1100 347 139 216 322 129 193
1340 316 139 177 293 129 164
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than large centers, differential persistence and or recrudescence lag time, rather than

differential spread rate are suggested by the distribution of root disease intensification

within the study area.

3.6 INFLuENCE OF SPREAD BARRIERS

Since spread rate was not supported as a potential cause of the difference in

detected infected area and difference in infection size between east and west, the

potential influence of spread barriers was examined. Root contact probability has been

identified as one factor that may influence spread rate, and hence directionality of

infection center expansion. I reasoned that infections in areas with high barrier density

may simply have less expansion room between fires, leading to differences in focus

radius and apparent infected area. At a longer time scale, barriers were expected to

influence the direction of genet diffusion through the landscape. A map of potential

barriers or impediments to below ground spread, described in section 3.2.4 was used to

test the theory that barriers may influence infection center foci radius distribution. The

Dickman clone map was used in conjunction with USGS 1:24,000 topographic maps to

assess whether orientation of clones tends to reflect orientation of landscape barriers.

3.6.1 Methods

The potential influence of proximity to delineated barriers on foci radius size class

distribution was tested by creating a GIS layer representing distance from barriers. Six

distance classes were defined, 25 - 125, 150 - 250, 275 - 375,400 - 500, 525 - 625, and

625 + meters. Foci radius classes greater than 125 meters were merged with 125 m to

avoid error introduced due to the effects of merging of multiple small centers. Each of

the 2713 foci was then associated with its distance class. A Kruskal-Wallis H-statistic

and associated p-value were calculated to test the hypothesis of no significant difference
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in distance medians of foci radius at a significance level of 0.05. The null hypothesis

tested was no difference in median foci radius between any of the 6 distance classes

from delineated barriers. A Newman-Keuls multiple comparison procedure was then

applied to determine how distance classes were lumped into populations with medians

that did not differ significantly from one another.

To determine whether the arrangement of centers belonging to the same VC group

suggested long-term influence of dispersal bamers on genet diffusion, the difference (in

degrees) between the major aspect orientation of the clones and associated slopes were

compared with a test. Only multi-center genets on slopes % were included in the

analysis (n = 10). Due to the small sample size, aspect differences were merged into two

classes, 45°, and 46 - 90°. The null hypothesis tested was that there was no directional

preference.

3.6.2 Results

The results of the Kruskal-Wallis test suggest that there is sufficient evidence to

reject the null hypothesis (H = 37.18, p <0.005). Some of the groups differ significantly

in median focus radius. The Newman-Keuls multiple comparison procedure (Table 9)

revealed that distance classes fall into two populations. Only the greatest distance class

(650 m+) is significantly different from the high barrier density distance classes. Since

the distance classes in Table 9 are arranged in ascending order or mean rank, it can be

seen that no clear pattern emerges with regard to the potential influence of delineated

barriers on median focus radius. An examination of the general statistics for focus radius

by distance class (Table 10), reveals that mean focus radius is smallest for the two

greatest distance classes, just opposite of what was expected.



Table 10. Descriptive statistics for foci radii (n = 2712) by proximity class to delineated
barriers to vegetative spread.

Distance class from barrier (m)

* Radius expressed in 25 m pixels
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There appears to be a non-significant trend (x2 = 3.60, df= 1, approx. p-value =

0.058) for clonal clusters to be oriented in the general direction of the slope aspect of the

underlying topography, although there was insufficient evidence to reject the null

hypothesis of no directional preference (Table 11).

Table 9. Barrier distance classes with non-significant differences (p = 0.05) in median
focus radius are indicated by shared letters in results from the Newman-Keuls multiple
comparison test.

(Distance Class)

(650 m+) (525-625) (400 - 500) (25 - 125) (275 - 375) (150 - 250)

Population 1 A A A A A

Population 2 B B

25-125 150-250 275-375 400-500 525-625 650 plus

#foci 288 233 245 296 209 1441
mean radius* 3.1389 3.2918 3.1673 3.1250 3.0622 2.8730
variance* 1.7158 1.6731 1.7957 1.4928 1.5682 1.4971
stdev* 1.3099 1.2935 1.3400 1.2218 1.2523 1.2235
median* 3 3 3 3 3 3
mode* 2 2 2 4 4 2
skew -0.0155 -0.1118 -0.0620 - 0.1510 -0.0295 -0.1842
kurtosis -1.2159 -1.2237 -1.3341 - 1.1120 -1.1395 -1.0396
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Table 11. The difference between the orientation of the slope and the major axis of a
clone's distribution were derived from topographic maps. Orientational preference was
tested by goodness-of-fit, after lumping angular difference classes into 45°, and > 45°.
Genets on slopes < 5 % were excluded from the analysis.

Clone age estimate by '/2(maximum distance between perimeters)
times 0.34 mlyr (from Dickman and Cook 1989).

3.6.3 Interpretations

There does not appear to be evidence to suggest that increasing proximity to

dispersal barriers is associated with decreasing median focus radius in the study area.

This implies that at the temporal scale influential to individual infection centers,

barriers have not had a major influence on focus radius frequency distributions. This

may simply be due to the choice of focus radius as a response variable and a lack of

adequate capture of functional spread barrier density. Focus radius would only be

expected to be sensitive to very high barrier densities. There does appear to be some

reason to suspect that over the life span of a genet, topographic barriers may influence

diffusion directionality. A larger sample size is needed to confirm this, preferably in

(X2 = 3.60, approx. p-value = 0.058, df= 1).

Clone age* Angular difference ( 0) Slope (%) Excluded

960 64 3.4 yes
380 16 16.0 no

1010 12 11.3 no
1100 24 4.0 yes
580 50 <1.0 yes
720 22 6.6 no

1000 47 8.8 no
390 27 9.8 no

1340 41 7.1 no
530 64 10.5 no
720 36 9.8 no
620 17 16.7 no

1100 33 14.8 no
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more complex terrain. I conclude that physical factors influencing inter-tree spread of

root disease probably have not been a major factor responsible for the detected

infection rate differences between east and west, and for the commensurate differences

in mean focus radius. The possible topographic influences on long-term diffusion of

genets may be useful for understanding how the pathogen tracks changes in host

distribution patterns through time and changing climate conditions.

3.7 DISTURBANCE FREQUENCY

The difference in apparent infection rate and mean focus radius between western

and eastern flanks of the Cascades does not appear to be due to spread rate or the

influence of spread barriers. The intensification appears to be due to vegetative spread

rather than increased spore infection initiation. The disturbance frequency hypothesis

was examined next. As described in section 2.3.3, fire is the most noticeable of the

disturbance factors within the study area. Fire frequency has been cited as a major

factor influencing P. weirli distribution patterns in the high Cascades (Dickman and

Cook 1989). Fire frequency is thought to influence disease distribution and

intensification by affecting host species composition, the modal size of trees (root

systems) in which the pathogen persists as a saprophyte following fire, and spread time

which is influenced by the time occupied by susceptible hosts between fires. To

investigate whether fire frequency has likely been an importantprocess shaping P.

weiril distribution within the study landscape, the problem was broken down into

several components and tested separately. Rather than attempt to reconstruct specific

fire histories for differing portions of the landscape, fire frequency was assumed to

follow a set of general heuristics discussed in section 2.3.3 . Three aspects of the

problem investigated in the following sections are (i) the role of host size, (ii)

landscape position with respect to predicted relative fire frequency, and (iii) expansion

time between fires.



3.7.1 Definition of Variables

Fire frequency is assumed to be causally linked to the interaction between

topography and climate and vegetation, and probability of ignition. The variables

selected for inclusion in this portion of the study were chosen to reflect these attributes.

MAPPT was selected to characterize general precipitation patterns. Fire frequency was

expected to be greater in the rainshadow of the Cascades, than on the west side.

MED&LG reflects the local proportion of medium and large tree size classes, as well as

small trees with larger overstory. This variable was expected to reflect time since fire.

ELEV reflects elevation of sample points, in meters. Fire frequency was expected to

decrease as a function of increasing elevation due to higher moisture levels and distance

from ignition source in lower elevation, drier stand types. "Exposure" was tested at

multiple hierarchical levels, including northerly vs. southerly aspects, and west vs. east

of the operationally defined crest (E/W). Fire frequency was expected to be higher on

southerly exposures than northerly, and east of the divide than west. Probability of

ignition was assumed to be influenced by proximity to the mixed conifer zone

(TONEDIST), or, more generally, by UTM-X coordinate (UTM-X). The mixed conifer

zone is assumed to be characterized by more frequent fire than the mountain hemlock

zone. Since both root disease and fire can be considered "contagious" processes,

distance between sample points in meters was important to consider as an explanatory

variable (SPACE). The primary response variable of interest was focus radius

(FOCIRAD).

3.7.2 Sampling Design

A randomized sampling design was used. A target sample size of 35 - 40 foci was

desired for subsequent Mantel and Partial Mantel testing (described in section 3.3.4).

Forty foci were randomly selected from the population of 2713 using a procedure

outlined in Appendix 5. Two foci were directly adjacent to each other, so were excluded
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(randomly selected) from the sample to avoid major overlap of adjacent sampling zones,

resulting in a final foci sample size n = 38, of which 19 were west of the crest, and 19

east of the crest of the Cascades (Figure 16). The sample represented 1.40 % of the total

sampling frame.

570000 572000 574000 576000 578000 580000 582000 584000 586000 588000

UTM X

Figure 16. Randomly sampled root infection foci (n = 38) drawn from population n =
2713. Circles represent area containing the 25 x 25 m sample points.

Assessing Spatial Independence Among Sample Points

Although sample foci were drawn at random at a low sampling level, there was still

reason to suspect that sampling points would not be spatially independent of one

another, since root infection centers tend to occur in clusters. Detection of significant

overall and directional spatial autocorrelation was required.
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Methods

Significance of spatial autocorrelation for all directions and distance classes was

determined for each variable using Moran's I, as described in section 3.3.3. Significance

of the coefficient was based upon a randomization significance test, and compared

against a two-tailed critical value of z = 1.960 (assuming a 0.05 significance level).

Characterization of spatial distribution of variables was accomplished using a series

of Mantel tests (described in section 3.3.4), where similarities between distance matrices

were evaluated for four different representations of spatial distribution, including

SPACE, E/W. UTM-X, and TONEDIST. Significant correlations between distance

matrices were based upon 1000 random permutations.

Results

All variables, except elevation, were found to have significant overall spatial

autocorrelation (Table 12).

Table 12. Overall significance of spatial autocorrelation between sample points for
each variable are listed, using a randomization significance test at the 0.05 significance
level (two-tailed critical value = 1.960).
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NS = not significant at a = 0.05.

Variable Moran's I z value (Randomization test)

FOCIRAD 0.2103 2.1873
MED&LG 0.3279 3.2979
ELEV 0.1128 1.3028N.S.
MAPPT 0.4888 4.7406
PIPODIST 0.6505 6.1890
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Mantel test results are summarized in Table 13. Mean annual precipitation, canopy

structure and focus radius are all sensitive to the general east-west gradient of the

underlying landfonns. The host variable is significant for all four characterizations of

space, but is most closely explained by distance from the mixed conifer ecotone

(TONEDIST x MED&LG, r = 0.3440, P(r) = 0.0005). The variable TONEDIST is

dominated by a strong east-west component, represented by UTM-X (UTM-X x

TONEDIST, r = 0.7392, P(r) = 0.0005), which is stronger than a direction neutral

representation of distance (SPACE x TONEDIST, r = 0.5492, P(r) = 0.0005).

Focus radius is only significantly associated with coarse east-west differences (E/W

x FOCIRAD, r =0.0844, P(r) = 0.00 10), but the variable explains only a small portion of

its distribution. Moran's I was significant, suggesting that the SPACE variable should

also be significant in a Mantel test, but this was not the case due to the required

Bonferroni correction of the ac-level for multiple comparisons. Although not significant,

distance from the mixed conifer ecotone was the next best descriptor of focus radius

distribution (TONEDIST x FOCIRAD, r = 0.13 16, P(r) = 0.0045), which was the best

descriptor for canopy structure and mean annual precipitation as well.



Table 13. Standardized Mantel test statistics and associated probability levels for
characterization of spatial dependence between sampled foci (n =38).

*NS at the Bonlerroni corrected ac-level of (0.05/24 = 0.002 1)
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Representation of "space" Variable r P(r)

SPACE FOCIRAD 0.1613 0.0155 *NS

MIED&LG 0.2906 0.0005

MAPPT 0.3817 0.0005

E/W 0.2499 0.0005

UTM-X 0.7949 0.0005

TONEDIST 0.5492 0.0005

E/W FOCIRAD 0.0844 0.0010

M1ED&LG 0.1798 0.0005

MAPPT 0.1757 0.0005

UTM-X 0.4048 0.0005

TONEDIJST 0.4636 0.0005

IJTM-X FOCIRAD 0.1164 0.0450 *NS
MIED&LG 0.334 1 0.0005
MAPPT 0.2710 0.0005

TONEDIST 0.7392 0.0005

TONIEDIST FOCIRAD 0.1316 0.0045 *NS

MED&LG 0.3440 0.0005

MAPPT 0.403 1 0.0005

Explanatory variable Response variable

ELEV MAPPT - 0.1125 0.0410 *NS

MED&LG 0.0423 0.2535 *NS

FOCIRAD 0.0320 0.36 10 *NS

MAPPT MED&LG 0.2 105 0.0005

FOCIRAD 0.1150 0.0135 *NS

MED&LG FOCIRAD 0.0507 0.0 195 *NS



Interpretations

Even a low density random sample of a natural distribution of disease centers

violates the assumption of independence required for parametric statistical

applications. The degree of autocorrelation differs by variable, as does scale and

directionality. All variables were driven by major east-west differences, but canopy

structure appears more sensitive to local environmental conditions than is focus

radius. Trends in canopy characterization and precipitation appear to be similarly

distributed.

3.7.3 Testing of Fire Frequency Heuristics

The underlying assumption is that fire frequency is linked to orographic influences

on precipitation, orographic and topographic influences on vegetation fuel

characteristics, and proximity to ignition source.

3.7.3.1 Precipitation patterns

The general precipitation pattern should reflect one of the physical responses to

the underlying topographic and orographic structure of the landscape since warm

westerly air masses are forced to rise, cool, and drop more of their moisture on the

western flank of the Cascades than the eastern flank.
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3.73.1.1 Methods

Determination of whether eastern and western sample points differed in the amount

of received precipitation was assessed using both a Mann-Whitney U test and a Mantel

test. The null hypothesis tested was no difference in median precipitation between

western and eastern sample units.

The spatial variable best characterizing physical orographic influences was assessed

using a series of Mantel tests (Table 13). Four descriptors were used, simple Euclidean

distance in meters between sample points (SPACE), east-west distance in meters

between sample points (UTM-X), simple classification as east or west of the crest

(EIW), and distance in km from the eastern Mixed Conifer ecotone (TONEDIST). In

addition, the relationship between precipitation and elevation (ELEV) was examined.

3.7.3.1.2 Results

Western and eastern sample points differed significantly in amount of precipitation

received (U = 56.00, z = 3.620, p = < 0.0005; mean rank west = 26.05, mean rank east

= 12.95), so the null hypothesis is rejected. The Mantel test of E/W x MAPPT yielded

comparable results (r = 0.1757, P(r) = 0.0005).

As anticipated, normal annual precipitation was strongly associated with all four

spatial descriptors, but distance from the Mixed Conifer ecotone (TONEDIST) best

characterized this component of the orographic gradient (Mantel r = 0.4031, P(r) =

0.0005). Precipitation was not related to elevation (Mantel r - 0.1125, P(r) = 0.04 10

*NS)
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3.7.3.1.3 Interpretations

The precipitation data is acknowledged to be crude at best, but it appears that a

descriptor capturing at least some of the topographic irregularities in the landscape is

best suited to interpreting responses of vegetation and root disease conditions.

3.7.3.2 Host vegetation patterns

If the fire frequency heuristics outlined in section 3.2.2 are applicable, then this

should be reflected in differences in the proportion of MED&LG adjacent to sampled

foci by exposure class, as well as discernible in a direct gradient analysis of

precipitation and elevation. The proportion of MED&LG should be highest in the more

mesic portions of an elevation range, and northerly rather than southerly aspects.

3.7.3.2.1 Methods

Foci were classes by aspect orientation as "northerly" (NW, N, NE, n 9) or

"southerly" (SW, S, SE, n = 17), and east (n = 19) or west (n = 19) of the Cascade crest

(E/W) MED&LG proportions were expected to be higher on northerly aspects than on

southerly, evaluated with Mann-Whitney U-tests, and west of the Cascade crest than

east of the crest, based upon the Mantel statistic, if the heuristics were applicable and

reflected in the PMR data. The null hypothesis tested was no difference in median

proportion of MED&LG between sample units on northerly and southerly exposures.

The relationship between canopy structure and precipitation was examined using

the Mantel test, and again after accounting for any similarity in distance matrices

attributable to the spatial variable best characterizing precipitation and canopy

distribution. For comparative purposes only, Pearson's correlation coefficients were
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west-side east-side landscape
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also calculated. In addition, MED&LG was plotted against elevation and precipitation

gradients for visual interpretation.

3.7.3.2.2 Results

Sample points on northerly exposures had higher proportions of MED&LG than

those on southerly exposures at the landscape level (U' = 113.00, z = 1.94, p =

0.052) so the null hypothesis is rejected, but this was driven primarily be major

differences between east-side southerly exposures vs. others (see Tables 14 and 15).

The Mantel statistic (Table 13) for differences in MED&LG proportions between the

western and eastern flanks of the Cascades was very significant (Mantel r = 0.1798,

p = 0.0005).

Table 14. The influence of northerly vs. southerly exposures on MED&LG were eval -
uated by comparing mean ranks using Mann-Whitney U tests at the landscape level,
and separately, for the western and eastern portions of the study area.

northerly southerly northerly southerly northerly southerly

The proportion of medium and large size structure classes (MED&LG) was

influenced by the east-west orographic gradient created by the north-south orientation of

the Cascades through the study area. Although spatially autocorrelated (Moran's I =

U = 29.00 18.00 113.00
z= 0.058 2.003 1.940
p = 0.953 0.045 0.052
xrank= 7.86 8.13 10.50 5.00 17.56 11.35
n= 7 8 2 9 9 17
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0.3279, z 3.2979, p = 0.0008; Mantel r = 0.2906, P(r) = 0.0005), autocorrelation was

most pronounced in a general east-west direction, reflected in UTM-X (Mantel r =

0.3341, P(r) = 0.0005), and best characterized by distance from the eastern mixed conifer

ecotone TONEDIST (Mantel r = 0.3440, P(r) = 0.0005), which better reflected

the influence of topography. Simple discrimination between east and west of the crest

(E/W) was not as significant (Mantel r = 0.1798, P(r) = 0.0005) after adjustment for

multiple comparisons.

The results of the Partial Mantel tests are summarized in Table 16. Simple Mantel

tests are displayed above the diagonal line and Partial Mantel tests below. Bonferroni

correction factors were applied separately to the Mantel and Partial Mantel tests.

The relationship between canopy structure and precipitation was apparently

significant (Mantel r = 0.2 105, P(r) = 0.0005), but after accounting for the common

spatial gradient best describing the distribution of the two variables (TONEDIST),

the Partial Mantel statistic (Table 16) was not significant (Mantel r = 0.07 17, P(r) =

0.0470 *N5)
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Table 15. Distribution of sampled proportions of MED&LG adjacent to infection
centers on northerly exposures (NW, N, NE), and southerly exposures (SW, S, SE) are
contrasted for western and eastern flanks of the Cascades and for the landscape total.

west-side east side landscape
northerly southerly northerly southerly northerly southerly

0.1291 0.1644 0.2923 0.0000 0.1291 0.1644
0.3478 0.1467 0.1839 0.0000 03478 0.1467
0.0141 0.4196 0.0000 OA)141 0.4196
0.3452 0.1935 0.1507 0.3452 0.1935
0.2148 0.2653 0.0000 0.2148 0.2653
0.3274 0.0952 0.0000 0.3274 0.0952
0. 1470 0.3333 0.0000 0.1470 03333

0.2439 0.0000 0.2923 0.2439
00238 0.1839 0.

0.0000
0.000(1
(1.1507
0.0000
0.
0,0000
0.
0.0238

mean: 0.2179 0.2327 0.2381 0.0194 0.2224 0,1257
median: 0.2711 0.2439 0.1839 0.0000 0.2536 0.0595
mode: 0.0000 0.0000
stdev: 0.1288 0.1061 0.0767 0.0499 0.1151 0.1436
n: 7 8 2 9 9 17



Table 16. Standardized Mantel (above diagonal) and partial Mantel (below diagonal)
statistics and associated probabilities for four variable causal modeling. Variable in
italics is accounted for prior to calculation of r and (P(r). All significance estimates
based upon 1000 random permutations.

TONEDIST

MAPPT MED&LG 0.3127
P= 0.0005

FOCIRAD 0.3881
P= 0.0005

MED&LG.MAFFT
P=

FOCIRAJJ
P=

94

TONEDIST MAPPT MED&LG FOCIRAD

0.4031
P= 0.0005

0.2592 TONEDIST 0.0717
0.0005 P= 0.0470
0.3373 FOCIRAD 0.2047
0.0005 P= 0.0010

0.3440
P= 0.0005

0.2 105
P = 0.0005

0. 13 16

P= 0.0045

0.1150
P= 0.0135

0.0507
P=0.0195

Bonferonni-corrected a-levels are (0.05/6 = 0.0083) for the Mantel comparisons, and
(0.05/12 = 0.0042) for partial Mantel comparisons. Significant partial Mantel tests in
bold.

Had the sample points been considered independent and inferences made upon a

Pearson's correlation coefficient (Table 17), a significant association between

precipitation and canopy structure would have been inferred (Pearson's r = 0.5 158, P

0.00 1). The apparent correlation appears to be spurious, related to similar spatial

distribution gradients (Table 18).

FOCIRAD.MAPPT 0.0853 TONEDIST 0.0619 .TONEDIST 0.0054
P= 0.0125 P= 0.1255 P= 0.4645

MED&LG 0.1098 MED&LG 0.1016 1vLIPPT 0.0266
P= 0.0035 P= 0.0280 P= 0.3205



Table 17. Pearson's correlation coefficients and associated probabilities for the
variables FOCIRAD, PPT, ELEV, MED&LG, and TONEDIST; n = 38.

FOCIRAD PPT
FOCIRAD ----------- -0.23

P= 0.172
PPT

ELEV

MED&LG

ELEV MED&LG
0.27 - 0.46

P= 0.101 P=0.003*
-0.08 0.52

P= 0.637 P=0.001*
- 0.35

P=0.029

TONEDIST
Indicates significant after Bonferroni-correction of a-level for 10 simultaneous

comparisons (0.05/10 = 0.005).

Table 18. Select contrasts between results of Pearson's correlation coefficients and
partial Mantel tests accounting for the orographic gradient represented by TONEDIST.

TONEDIST
-0.51

P=0.001*
0.68

P=0.000*
-0.30

P=0.071
0.67

P=0.000*

*NS = not significant at the appropriate Bonferrom-corrected a-level of 0.05.

The Mantel statistic for the relationship between ELEV and MAPPT was not

significant based upon a corrected a-level for multiple comparisons (r -0.1125, P(r)

= 0.04 10). Plotting MED&LG directly onto elevation and precipitation gradients helps

to explain why. Most of the sample locations with 10 % MED&LG occur in areas

with 155 cm precipitation annually (Figure 19). Examined from another perspective,
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PPT.MED&LG 0.5158 0.0717 spurious correlation
P = 0.001 P = 0.047 *NS due to shared

spatial gradient

MED&LG.FOCIRAD -0.463 5 0.0054 spurious correlation
P= 0.003 P= 0.465NS due to shared

spatial gradient

Relationship Pearson's partial Mantel interpretation
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for a given elevation range, the highest proportions of MED&LG occur in areas

receiving the most precipitation. It also appears that the influence of precipitation on

MED&LG is most apparent at elevations above 1700 m. It must be kept in mind that

this plot lacks any spatial context.

3.7.3.2.3 interpretations

The distribution of MED&LG appears to conform to expectations assuming the fire

frequency heuristics are applicable to this area and time. Higher proportions of medium

and large tree size classes are located on the more mesic of the contrasts.

3.7.3.3 Infection center radius distribution patterns

If the fire frequency heuristics outlined in section 2.3.3 are applicable, and if larger

centers tend to occur in portions of the landscape where fire return interval is longest,

then this should be reflected in differences in infection center radius of sampled foci by

exposure class. Infection centers surrounded by higher proportions of medium and large

tree size classes (MED&LG) should tend to be larger than those surrounded by low

proportions of MED&LG.
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Figure 17. The proportion MED&LG in sampling zones adjacent to sampled foci are
graphically illustrated within the context of the elevation and precipitation gradients.
The direction of both axes has been reversed to represent surrogates for temperature
growth index and moisture stress index axes used in Figure 3.

3.7.3.3.1 Methods

Foci were classed by aspect orientation as "northerly" (NW, N, NE) or

"southerly" (SW, S, SE), and east or west of the Cascade crest (E/W). Foci radius

(FOCIRAD) was expected to be higher on northerly aspects than on southerly,

evaluated with Mann-Whitney U-tests, and west of the Cascade crest than east of the

crest, based upon the Mantel statistic (described in section 3.3.4), if the heuristics

were applicable and if larger infection centers tend to occur in places where trees

attain the largest size. The null hypothesis tested was no difference in median focus

radius between sample units on northerly and southerly exposures.

180 170 160 150 140 130

Normal Annual Precipitation (cm)
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Foci radius is also expected to be positively associated with elevation, reflecting

longer intervals between fires with increasing elevation. This was tested using a Mantel

test and direct gradient analysis. Descriptive statistics of inferred ages of sampled foci

were compared by distance class from the mixed conifer ecotone. Mantel and Partial

Mantel tests (described in section 3.3.4) were also performed on the precipitation and

canopy structure variables. As in earlier sections, the spatial model accounted for is

distance to the Mixed Conifer ecotone, since it best characterized the explanatory

variable distributions. Pearson's correlation coefficients were also calculated for

comparative purposes only.

3.7.3.3.2 Results

At the landscape level (Table 19), there is a significant difference in foci radius

distributions between northerly and southerly exposures (U' = 121.50, z = 2.398, p =

0.0 16) so the null hypothesis is rejected, but in a direction opposite of that expected if

increased fire frequency is associated with smaller foci radii (mean rank northerly foci

= 8.5, n =9, mean rank southerly foci = 16.15, n = 17) detailed further in Table 20.

Table 19. The influences of northerly vs. southerly exposures on FOCIRAD was
evaluated by comparing mean ranks using Mann-Whitney U tests at the landscape
level, and separately for both western and eastern portions of the study area.

west-side east-side landscape

northerly southerly northerly southerly northerly southerly

U = 39.50 16.00 121.50
z= 1.273 1.532 2.398
p= 0.203 0.125 O016

rank= 6.36 9.44 2.50 6.78 &50 16.15
n= 7 8 2 9 9 17
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There was also a significant difference in foci radius distributions between western

(n = 19) and eastern exposures (n= 19) (Mantel r = 0.0844, p = 0.00 10, Bonferroni

corrected a-level of 0.05124 = 0.002 1). Consistent with the results of northerly vs.

southerly exposures, the more mesic of the exposures tended to have smaller foci than

those in the rainshadow, reflected in the contrast in radius size of centers within 4 km

of the mixed conifer ecotone and km from it (Table 21). Foci radius was not

significantly associated with gradual differences in east-west distances characterized by

the variables UTM-X (Mantel r = 0.1164, P(r)= 0.0450, Bonferroni corrected a-level

of 0.05/24 = 0.002 1), or distance from the eastern mixed conifer ecotone TONEDIST

(Mantel r= 0.13 16, P(r) = 0.0045, Bonferroni corrected a-level 0.05/24 = 0.002 1).

The Mantel test for the influence of elevation on focus radius was not significant (r

= 0.0320, P(r) = 0.36 10). The direct gradient analysis plot (Figure 18) seems to suggest

that most of the large sampled foci occur in portions of the landscape receiving less

than 155 cm ppt annually, and above 1700 m.

If sample points had been assumed to be independent (Table 17), then a significant

correlation between MED&LG and FOCIRAD would have been obtained (Pearson's

correlation coefficient = - 0.46, p = 0.003), although the direction is opposite of what

was expected. A different conclusion is reached when the Mantel test is used, which

compares distance matrices. Even when spatial autocorrelation is not considered, there

does not appear to be a significant relationship between the two variables (Mantel r =

0.0507, p 0.0 195, Bonferrom corrected a-level = 0.05/24 = 0.002 1). The lack of

correlation between distance matrices is confirmed (Table 16) after taking into

account the shared underlying spatial gradient captured in TONEDIST (Partial Mantel

r = 0.0054, p = 0.4645). The same appears to be true for the relationship between

mean annual precipitation and canopy characterization, suggesting that the apparent

relationships are simply driven by shared spatial gradients (Table 16).
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Table 20. Distribution of sampled foci age estimates based upon radius in pixels.
Northerly exposures (NW, N, NE) and southerly exposures (SW, S, SE) are contrasted
for western and eastern flanks of the Cascades.

- Actual radius class 8 (580 years old), but assumed to be due to merging so coded 5.

west-side east side landscape
northerly southerly northerly southerly northerly southerly

73 73 145 145 73 73
73 145 145 145 73 145

145 145 218 145 145
145 218 290 145 145
145 218 290 145 145
145 218 290 145 218
290 218 290 145 218

290 363 145 218
363* 209 218

218
290
290
290
290
290
363
363*

Mean: 145 191 145 266 136 231
Median: 145 218 145 290 145 218
Mode: 145 218 145 290 145 218
STDEV: 72 66 0 81 41 82
n 7 8 2 9 9. 17.
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Figure 18. Sampled focus radius (FOCIRAD) is plotted within the context of elevation
and precipitation gradients. Reversal of value directions in X and Y axes was done to
provide crude surrogates for temperature growth index and moisture stress index for
comparison with Figures 3 and 17.
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3.7.3.3.3 Interpretations

Foci radius distributions are associated with exposure at the landscape level,

dominated by general differences between the western and eastern sides of the

Cascades. Infection center radii tend to be larger in the drier of the contrasts, contrary

to what was predicted based upon the assumption that such areas are exposed to more

frequent fire. Changes in vegetation structure appear to reflect a gradient, while those

of foci radius a more abrupt transition associated with the crest of the Cascades. The

differing apparent responses are reflected in differences in the order for the four

spatial descriptors used (Table 22).

Distance (kin) from PIPO/PICO ecotone
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Table 21. Estimated foci age class distribution as a function of distance to the mixed
conifer ecotone east of the Cascade crest.

1 2 3 4 5 6 7 8+

145 145 360 290 145 145 73
145 145 218 73
218 218 290 73
290 290 290 73
290 290 145
290 290 145
290 360 145
290 360 145

360 145
218
218
218
218
290

Mean: 245 273 360 290 145 236 156 219
Median: 290 290 360 290 145 254 145 218
Mode: 290 290 --- 290 145 291
STDEV: 66 86 - 69 69-
n: 8 9 1 1 1 4 14 38



Table 22. The four spatial descriptors used to investigate host vegetation and root
disease responses to the underlying orographic gradient are presented below in
descending order of significance.

MED&LG
Variable r P(r)

FOCIRAD
Variable r

NS at the Bonferroni corrected a-level 0.05/24 = 0.0021

The relationship between precipitation, the elevation, and focus radius appears

opposite of that noted for MED&LG, although not as distinct. This suggests sensitivity

of both variables to the underlying physical gradients of precipitation and temperature,

but the vegetation structure variable has a finer grain response than reflected in

differences in foci radius. This is not surprising since the vegetation structure variable

reflects site conditions and time since the last disturbance, while foci radius distribution

also reflects a longer temporal dynamic, influenced by local variability in fire return

interval and prior stand conditions.

3.7.3.4 Causal modeling

An apparent association between the proportion of medium and large trees in a

stand, and focus radius is suggested if sample points are considered independent of one

another, and when responses are plotted on surrogate variables for moisture and

temperature. Both responses are influenced by a general difference in conditions west

and east of the crest, but the Mantel test suggested that the two response variables were

themselves independent. Since the primary hypothesis being tested is whether focus

radius reflects the influences of fire frequency on host vegetation, the relationship

P(r)
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TONEDIST 0.3440 0.0005 E/W 0.0844 0.0010
UTM-X 0.3341 0.0005 TONEDIST 0.1316 0.0045 NS
SPACE 0.2906 0.0005 SPACE 0.1613 0.0155 NS
E/W 0.1798 0.0005 UTM-X 0.1164 0.0450NS
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between MED&LG and FOCIRAD was reexamined after accounting for any

similarities attributable simply to a shared underlying spatial gradient (TONEDIST).

The relationship remained independent.

Causal modeling was conducted to better characterize the relationship between

TONEDIST, MED&LG, and FOCIRAD sensu Legendre and Troussellier (1988).

3.7.3.4.1 Methods

Four plausible interaction arrangements were examined between the explanatory

variables TONEDIST and MED&LG and the response variable FOCIRAD. To accept

the hypothesis of independent responses to TONEDIST, all of the cross variable

predictions must be true, and true only for one arrangement of the variable interactions.

3.7.3.4.2 Results

Of the four arrangements of the variables, the only one to meet all requisite

predictions was that MED&LG and FOCIRAD reflect independent responses to the

underlying gradients captured in the spatial variable TONEDIST (Table 23).

3.7.3.4.3 Interpretations

While there appears to be a strong relationship between the variables MED&LG

and FOCIRAD, any similarities can be explained by independent responses to different

components of the underlying orographic gradient. There is insufficient evidence to

conclude that fire frequency, through its effect on modal host vegetation size,

influences the current distribution of foci radii.



1.30
1.20
(1.3)20/,
(1.2)30

FOCIRAD MED&LG (2.3)1 =0

T
F

F

T
F
T
F
F

T
F

T
F

F
T
F

T
T
F

T
T
F

T
T
F

I
T
T
T
T

T
T
T

105

Table 23. Four potential causal models between TONEDIST, MED&LG, and
FOCIRAD are evaluated based upon Mantel and partial Mantel testing. Only the model
suggesting independence between FOCIRAD and MED&LG with respect to
TONEDIST is plausible, based upon support of the data.

1.3 (0.O1740.13l6)

0.3440 0. 0005
0. 13 16 0.0045

0.0507 0.0 195

0. 33 73 0.0005

0.1098 0.0035

0.0054 0.4645

0.1316 0.0045

0.3440 0.0005

0.1098 0.0035
0.3373 0.0005

0.0054 0.4645

(3) (2) (1.2)3 1.2

(1.3)2 1.3

(l.3)x(1.2) 2.3

(0.3373

(0. 1098

(0.0453

0.3440)

0. 13 16)

0.0507)

(1) (2) 1.30 0.1316 0.0045

TONEDIST MED&LG 2.3 0.0507 0.0 195

N 1.2 = 0 0.3440 0.0005

'J V (1.2)30 0.3373 0.0005

FOCIRAD (2.3)1 0.0054 0.4645

(3) (1.3)20 0.1098 0.0035

(1.3)2 1.3 (0.1098 0.1316)

(2.3)1 2.3 (0.0054 0.0507)

TONEDIST 1.20 0.3340 0.0005

2.3 0.0507 0.0195
1.2 1.3 (0.3440 0.13 16)

MED&LG 2.3 1.3 (0.0507 0.13 16)

(1.3)2 = 0 0.1098 0.0035

(1.2)3O 0.3373 0.0005

FOCIRAD (2.3)1 0.0054 0.4645
(1.2)3 1.2 (0.3373 0.3440)

(2.3)1 2.3 (0.0054 0.0507)
(1.2)x(2.3)

(1) > (2) 1.20
TONEDIST MED&LG 1.3

// 2.3
\\\ // (1.2)30
- L (1.3)20

FOCIRAD (2.3)1
(3)

(1) TONEDIST
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Causal modeling was performed even though there was already sufficient evidence

to suggest independence of the canopy structure and focus radius variables. Had the

Partial Mantel test been significant, the causal modeling would have provided a means

to assess whether focus radius was primarily influenced directly or indirectly through

environmental influence on host size.

3.7.3.5 A closer look at vegetation structure and infection radius

The proportion of medium and large tree structure classes adjacent to foci was

expected to increase primarily as a function of time since disturbance by fire. The

vegetation structure variable was simplified to improve classification accuracy across a

range of site conditions. The proportion of MED&LG adjacent to a focus appears to

decrease as focus radius increases, although there is evidence that the two variables are

in fact independent of one another. For descriptive purposes, the relationship between

size structure class and focus radius class was also examined more closely.

3.7.3.5.1 Methods

Ivlev's Electivity Index, described in section 3.3.2 was used to characterize all size

structure classes by relative association to foci radius classes for the entire landscape.

Size structure classes were grouped into three families, those associated with increasing

size of infection diameters, those seldom associated with large diameter infections, and

those with no apparent trend.



3.7.3.5.2Results

Canopy structure classes are summarized by distance class in Table 24. Families

of associated size structure classes are apparent when Ivlev's Electivity Index is

plotted against foci radius class. Strongly positive or negative index values are

associated only with foci radius classes greater than 4(100 m). Pole/multistory low

density, pole/multistory (+), and small/multistory low density classes appear more

prevalent in stands adjacent to foci with radius classes of 4 (100 m) or more (Figure

19 a). Smalllmultistoried (+), mediuin/inultistorjed (-), medium/multistoried (+), and

large/multistoned (+) classes are found less often than expected adjacent to foci with

radius classes of 4 or more (Figure 19 b). For both families of size structure classes,

the reverse is true for infection foci smaller than class 4 (100 m). Other size structure

classes exhibit inconsistent results (not shown).
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Foci Radius Class (25 m intervals)*

Radius classes greater than 5 likely represent the effects of infection center
coalescence rather than time.
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Table 24. PMR size structure composition (%) in non-overlapping 100 m sampling
zones adjacent to foci of varying radius classes for the entire study area.

# Description (1) (2) (3) (4) (5) (6) (7) (8)

1 water 0.21 0.40 0.42 0.29 0.00 0.00 0.00 0.00
2 rock, sparsely vegetated 0.07 0.18 0.09 0.33 0.28 0.17 0.28 0.12
3 snow 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 grass 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
5 shrub 0.02 0.16 0.22 0.01 0.00 0.00 0.00 0.00
6 agricultural and developed 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7 vigorous shrub 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
8 decadent shrub 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9 ----------- 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10 seed-sapling-pole 1.57 1.06 0.80 1.31 1.10 2.75 4.43 2.22
11 pole 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 pole-small 4.39 5.73 6.74 5.80 4.92 5.21 4.90 7.79
13 small 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14 small-medium 1.22 1.38 1.59 1.32 1.87 1.49 1.32 1.24
15 medium 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16 medium-large 0.02 0.14 0.15 0.09 0.07 0.00 0.00 0.00
17 large 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18 large-giant 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19 giant 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20 pole/MSLD 0.24 0.41 0.24 0.83 1.17 1.55 2.17 1.36
21 pole/MS+ 14.79 15.53 16.38 21.57 24.73 26.12 25.24 22.00
22 pole/MS+-f- 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23 smallIMSLD 0.36 0.48 0.40 0.78 0.81 1.37 2.17 0.99
24 snmll/MS- 23.05 26.11 25.28 23.92 22.25 24.34 22.32 22.13
25 small/MS+ 22.83 22.65 22.30 19.88 20.30 17.53 17.70 20.27
26 small/MS-H- 13.29 8.43 9.39 10.78 10.19 11.28 13.47 15.08
27 niedjumfMSLD 0.17 0.07 0.03 0.02 0.07 0.00 0.00 0.00
28 medium/MS- 7.54 7.18 7.08 6.10 5.73 3.61 2.82 0.62
29 medium/MS+ 9.42 8.85 7.87 6.10 5.34 4.47 2.82 5.93
30 large/MSLD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
31 largefMS- 0.24 0.80 0.59 0.60 0.71 0.06 0.28 0.25
32 largelMS+ 0.00 0.42 0.38 0.26 0.46 0.06 0.09 0.00
33 giant/MSLD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
34 giant/MS- 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
35 small/seed 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
36 medium/seed-sapling 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
37 large/seed-sapling-pole 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Key: PIMSLD (Pole, multistory, low density) SIMS+ (Small, with overstory)
P/MS+ (Pole, with overstory) MIMS-(Medium, with overstory)
S/MSLD (Medium, multistory. Low density MIMS+(Medium, with overstory)

LIMS+ (Large, multistoried)

Figure 19. Ivlev's Electivity Index (Ei) for classes in Pacific Meridian's Canopy
Size Structure data layer by focus radius. Strong positive values or strong negative
values signify that a class is found adjacent to a focus radius class more often or less
often than expected. The 39 classes were lumped into three families, representing (a)
those classes that tend to be associated with increasing focus radius, (b) those that
become less frequently associated, and finally those with no clear trend.



3.7.3.5.3 Interpretations

The general lack of strong positive or negative index values for stands adjacent to

foci less than 100 m in radius may reflect the fact that small radii occur in association

with large radii, but the reverse is not necessarily the case. The breakdown by size

structure class supports the interpretation obtained using the merged variable

MED&LG that the largest foci radii tend to occur in areas with lower proportions of

medium and large tree size classes, rather than the reverse, as predicted.

3.8 POST-DISTURBANCE RESUMPTION OF SPREAD

The historical influences of fire frequency on root disease inoculum levels cannot

readily be interpreted without understanding how fire frequency and recrudescence lag

time interact.

3.8.1 Parameter Estimation

Resumption of vegetative spread within unburned infection centers is reported to

be between 88- 125 years. It is unlikely that inoculum surviving a stand replacing fire

would be able to resume vegetative spreading as fast as inoculum within an unburned

center because susceptible host regeneration would be expected to be slower due to

distance from seed source and harsher establishment conditions. Within the study area,

characteristic photo signatures of root disease centers are not detectable in stands 175

years old or less. Subtracting the apparent ages (assuming a spread rate of 0.38 m/yr) of

the 5 small clonal centers used in section 3.4.1 from a stand age of360 years, mean

recrudescence lag tune was calculated to be 217 years, with a range between 181 and

231 years. Age estimates for corresponding large clonal centers / complexes, based upon

north-south transect but using east-west spread rates for better accuracy, were also used
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to estimate recrudescence lag time. Mean lag time was 141.4 years, with a wide range

(between 50 - 246 years). Since some portions of the stand are 460 years old, ciyptic

inoculum may remain undetected for perhaps 3 centuries or more.

Table 25 integrates focus radius and recrudescence lag time for two common post-

fire stand ages within the study area with accompanying implied spread rates. This table

provides a means to bring together preliminary parameter estimates and ranges of

estimates for use in subsequent modeling.

Table 25. The relationship between focus radius, recrudescence lag time and spread rate
are presented for two post-fire stand ages common within the study area (360 & 460
years). Spread rates within the dashed zone represent the observed rates reported in
section 3.4.2. (0.12 - 0.58 m/yr). Shaded rates represent those closest to the published
mean spread rate 0.34 rn/yr and the mean observed in this study.

Available vegetative spread time since fire (360 yrs bp)

Radius est.
(pixels) "age"

360-100 360-150 360-200 360-250 360-300
= 260 =210 = 160 = 110 =60

1 (25 m) 73 0.096 m/ yr 0.119 0.156 0.227 0,417

2 (50 m) 145 0.192 0.238 013' 0.455 0.833

3 (75 m) 218 0.288 0.489 0.682 1.250

4(lOOm) 290, 0+385 0.476 0.625 0.909 1.667

5 (125 m) 363 0.481 0.571 0.781 1.136 2.083



Table 25., Continued.

Available vegetative spread time since fire (460 yrs bp)

3.8.2 Modeling Interaction Between Fire Frequency and Recrudescence

Two simple models were needed to characterize the relationship between fire

frequency, recrudescence lag time and both foci radius and genet diffusion distance. The

first model (SPREADTIME) was developed to better visualize the relationship between

time since fire, post-fire lag prior to resumption of spread, and current foci radius. The

second (NETSPREAD) was developed to determine how fire return interval and

recrudescence lag time interact to refine clone age estimates. The revised age estimates

were desired to help interpret the time frame relevant to the development of the patterns

of disease intensification between eastern and western flanks of the Cascades.

112

Radius est.
(pixels) "age"

460-100
= 360

460-150
= 310

460-200
= 260

460-250 460-300
= 210 = 160

1(25 m) 73 0.069 0.081 0.096 0.119 0.156

2(50m) 145 0.139 0.161 0.192 0.238 O.31

3 (75 m) 218 0.208 0.242 0.288 0.357 0.489

4(lOOm)290 0.278 1L323 0,385 0.476 0.625

5 (125 m) 363 0.347 0.403 0.481 0.571 0.781



3.8.2.1 Methoth

Model 1, (SPREADTIME) consisted of creating a response surface in EXCELL

depicting the relationship between time since fire (parameter range 300 - 600 years, 50

year intervals) on focus radius, recrudescence lag time (parameter range 150 - 300

years), assuming a fixed spread rate of 0.41 rn/yr. the average rate obtained for small

discrete centers east of 583,000 m east (section 3.4.2).

Model 2, (NETSPREAD) was constructed in EXCELL to estimate age correction

factors for clones, assuming a spread rate of 0.34 m/yr, fire cycles between 200 - 700

years in 50 year intervals, and recrudescence lag times between 50-350 years. It

attempted to estimate an age correction factor based upon the net spread time available

under differing fire frequency and recrudescence lag scenarios. The correction factors

were then applied to 14 clonal genets, assuming a fire return interval between 450 - 500

years, and a recrudescence lag time of 200 - 250 years, to reestimate the ages of the

genets identified by Dickman and Cook (1989).

3.8.2.2 Results

Figure 20 represents graphical output for the model SPREADTIME. Foci radius

response is represented by a flat plane. Assuming a 100 year range in post-fire lag time

prior to resumption of spread of existing sources of inoculum, centers of comparable

radius would be expected in stands differing in age by a century. Inoculum accumulation

within a stand is very sensitive to factors influencing recrudescence lag time

Model NETSPREAD output of clone age correction factors is displayed in Table 26

and graphically in Figure 21. Assuming that the average fire return interval lies between

400 - 600 years, and that resumption of spread ranges between 150 - 250 years following

fire, the ages of the clones are likely 1.33 - 2.67 older than the published estimates.
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Figure 20. Model 1 (SPREADTIME) output Estimate of the radius of individual
centers as a function of expansion time afforded by time since disturbance and
recrudescence lag interval. Spread rate fixed at 0.41 rn/yr. the average rate for small
clonal fragments east of 583,000 m east.

114

Refining this further to a fire return interval between 450 - 500 years and a 200 - 250

year lag in post-fire resumption of spread, narrows the estimate to 1.67 - 2.25 times

published age estimates based upon maximum distance between vegetatively compatible

inoculum sources (Table 27). This is also a conservative figure, since it makes the

assumption that no mortality of inoculum occurs between fires. Mean clone age

increased from 831 years to between 1388 - 1871 years. The range estimates changed

from 380 - 1340 years to 635 - 3015 years.



Fire return
interval (yrs)
200
250
300
350
400
450
500
550
600
650
700

Recrudescence lag time (years)

50 100 150 200 250 300 350

1.33 2.00 4.00
1.25 1.67 2.50 5.00
1.20 1.50 2.00 3.00 6.00
1.17 1.40 1.75 2.33 3.50 7.00
1.14 1.33 1.60 2.00 2.67 4.00 8.00
1.13 1.29 1.50 1.80 2.25 3.00 4.50
1.11 1.25 1.43 1.67 2.00 2.50 3.33
1.10 1.22 1.38 1.57 1.83 2.20 2.75
1.09 1.20 1.33 1.50 1.71 2.00 2.40
1.08 1.18 1.30 1.44 1.63 1.86 2.17
1.08 1.17 1.27 1.40 1.56 1.75 2.00
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Table 26. Revised clone age multipliers based upon maximum distance between
sources of inoculum, a constant spread rate of 0.34 rn/year, and the interaction between
fire frequency and factors influencing recrudescence lag time.
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Figure 21. Graphical output of model NETSPREAD, predicting genet age
correction factor based upon fire return interval and recrudescence lag time.
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Clone length (m) Original age estimate Revised age estimates

mean 831 1388-1871
median 840 1403 - 1890
stdev 308 514-692

3.8.2.3 Interpretations

Unimpeded root-root spread of a genet at 0.34 rn/yr requires 2940 years/km. As

MODEL 2 illustrates, factoring in disturbance frequency and realistic lag times prior

to resumption of spread would greatly extend this figure. The relative importance of

lag time decreases as mean fire return interval increases. Likewise, the relative

importance of fire frequency decreases as recrudescence lag time decreases. The age

estimation of genets is particularly sensitive to high fire frequency/medium-long

recrudescence lag times. Neither parameter is well known in the subalpine forests of

680 1000 1670-2250
912 1340 2238-3015
394 580 969 - 1305
748 1100 1837-2475
748 1100 1837-2475
652 960 1603-2160
258 380 635- 855
686 1010 1687-2273
810 1190 1987-2678
490 720 1202 - 1620
490 720 1202 - 1620
266 390 651- 878
360 530 885-1193
422 620 1035-1395
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Table 27. Revised age estimates for the clones identified by Dickman and Cook (1989)
assuming fire return interval is between 450 - 500 years and recrudescence lag time is
between 200 - 250 years, and spread rate has been 0.34 rn/year.
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the central Oregon Cascades. Also, comparable patterns of disease centers could

develop under short fire return cycles and short recrudescence lag times or long fire

return cycles with prolonged recrudescence lag times.

The distance between the down-slope transect and up-slope transect through the

genets mapped by Allen Dickman (described in section 3.3.1) is often 2 or more km, a

distance requiring 6000 years or more of continuous vegetative spread, much longer

when disturbance intervals and recrudescence lag times are factored in. The area was

inundated with many feet of pumice and ash from the Mt. Mazama eruption 6600years

bp. The warmer and drier climate and new pumice soils were likely occupied by

lodgepole pine within the study area. The pattern of multi-center genets suggests

persistence was favored at low elevations, which then have subsequently recolonized

up-slope areas, rather than visa versa. The revised clone age estimates lend support to

the earlier interpretation that basidiospore initiation of infections is a rare event, and

that the lag between cause and effect for root disease process-pattern relationships

requires consideration of influences no longer detectable. The longer time line also

supports the decision to approach the question of fire frequency influences from the

perspective of general heuristics rather than explicit stand history reconstructions.



4.0 DISCUSSION

Review of objectives - The three principle objectives of this study were to (1) map

root disease distribution across the crest of the Cascades in a 280 km2 study area; (2)

describe the spatial distribution of disease centers, and genets of Phellinus weirii

mapped in a previous study; and (3) evaluate hypotheses concerning the relative

importance of the processes of basidiospore colonization (long-distance dispersal

mechanism), vegetative spread rate (local dispersal of an individual genet), influence of

spread barriers, fire frequency, and post-fire lag time prior to resumption of spread. The

root disease mapping was successful in capturing the general distribution of the

pathogen Phellinus weirii at the landscape-level in older stands of highly susceptible

species. No estimate of omission error was attempted but it is expected to be high in

stands less than 200 years old and in mixed conifer stands on the east side of the

Cascades. In both instances the abundance of living tolerant or resistant species

obscures disease in aerial photos that may be obvious in ground-based surveys. The

map then best reflects the distribution of this pathogen within older stands in the cold

snow zone dominated by mountain hemlock. The results of the spatial analysis provide

a means to predict what the probable "cryptic" distribution is like in young stands

within this zone, and to some extent in mixed conifer stands in close proximity. The

approach taken in this study - comparing observed pattern characteristics to predicted,

based upon deductions assuming the importance of individual processes, was useful in

making the challenging link between pattern and process in a space-for-time study such

as this. It provided a framework for interpreting the plausibility of multiple working

hypotheses regarding processes operating at spatial and temporal scales beyond the

reach of convenient observation.
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4.1.1 ROOT DISEASE PATTERNS AND SHAPING PROCESSES

The dynamics of Phellinus weiril in the high Cascades are too slow to be readily

observed. Establishment of new infections by basidiospores is rare, radial spread of

established infections is only about 0.34 mlyear, and both fire return interval and post-

fire resumption of spread of surviving inoculum are measured in terms of centuries.

Separation of the relative influence of site history and site conditions, therefore,

requires interpretation of patterns at large spatial and temporal scales. Development of

effective strategies to link process and pattern are needed to gain a better understanding

of root disease ecology in this area.

Review of Processes

The mechanisms responsible for the observed patterns of disease distribution and

differential intensification were assumed to be reducible to (i) infection establishment

probability, (ii) spread rate, (iii) spread time between fires, (iv) time between fires, (v)

and factors influencing persistence between periods of active spreading. Each

parameter is associated with multiple causal relationships. The study was designed to

reduce the number of parameters, and in doing so hopefully reduce the number of

potentially causal variables for inclusion in future studies.

Basidiospores: A review of the evidence used by Dickman and Cook (1989) to

propose a major role of post-fire basidiospore recolonization of stands resulted in a

different, and more classic interpretation of the frequency of basidiospore-initiation of

infections. The evidence for a limited role of basidiospores included (i) the number of

unique genet centers was close to that predicted based simply upon clone fragment

abundance fit with an exponential curve; (ii) recrudescence lag time for clones spanned

a century or more, suggesting that inoculum may persist through a stand-replacing fire

and not become detectable on aerial photography for 230-330 years in the study area,
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longer than has previously been reported, but lending support to Dickman and Cooks

(1989) estimated average clonal recrudescence lag time of 243 years. Where

recrudescence lag time tends to be long, attrition of inoculum may simply reduce the

probability of clone fonnation. In addition (iii) the spatial distribution of unique genets

was reported to be interspersed among clonal genets, suggesting basidiospore

colonization close to abundant basidiocarps (between clones). I interpreted the

distribution differently. Most of the non-clonal genets identified by Dickman were up-

slope of clonal genets, suggesting a very different temporal dynamic. The distribution

of genets implies a slow re-establishment of up-slope areas, if the inferences derived

from the 3900 ha Dickman and Cook clone mapping area are extended to interpret

landscape-level patterns of genet establishment and vegetative spread. This

interpretation is further supported by the tendency for clones to be oriented in the

general direction of the slope aspect. The revised age estimates for the clones also

suggests that the time frame for interpretation of genet distribution involves multiple

stand-replacing disturbances over 2-4 millennia. Another interpretation that must be

considered is that conditions favoring establishment may differ from those favoring

clone persistence. I conclude that there is insufficient evidence to abandon the

traditional view that basidiospore-established infections are rare.

Spread rates: Differential spread rate was thought to be a likely candidate for

differential intensification of root disease centers in the study area. Dickman and Cook

(1989) based their interpretations upon an assumed spread rate constant in time and

space. Variability of this parameter in time and space could account for the apparent

differences in root disease abundance. Previous studies have reported an average spread

rate of 0.34 mlyr., ranging from 0.12 - 0.58 mlyr, although most samples were taken

from the west-side of the Cascades, or along the summit. McCauley and Cook (1980)

observed that the spread rate of Phellinus weirii appeared to be slower in a mountain

hemlock stand with a significant component of silver fir than in a pure mountain

hemlock stand 14 km to the north. They inferred that the cause of the apparent

difference was the difference in stand species composition and associated differences
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in host susceptibility, since the mixed stand had a higher stem density. The largest

infection complexes appear to occur on easterly and southerly aspects east of the

Cascade crest, however. Five clones were examined, and the best estimate of spread

rate averaged 0.41 mlyr, with a range between 0.2 1-0.74 mlyr using east-west spread

rates calculated from both small and large centers/complexes. To avoid bias associated

with sampling a genet more than once (pseudoreplication), statistical tests were based

on the rates calculated for the discrete centers only (n 5, mean = 0.38 rn/yr. range

0.30 - 0.53). The observed spread rates were not significantly different from the

published mean. The difference was then considered too small to account for the

apparent differences in detected infection intensification on the west side and east side

of the Cascades. An average east side spread rate of 0.55 rn/yr or more was expected to

account for the apparent difference. There was also no evidence to suggest that large

clonal centers spread faster than small clonal centers. In conclusion, while spread rate

may contribute to the difference, it is not likely the major parameter shaping the

patterns of detected foci radius distribution within the study landscape.

Recrudescence lag time: Spread time between fires is influenced by both interval

between fires and factors influencing recrudescence lag time. Recrudescence lag time,

based upon the analysis of small and large clone fragments, appears to vary widely and

extend for longer periods of time than previously reported. No infection centers were

detectable in stands less than 175 years of age, except where a fire 120 years ago

bisected an infection center adjacent to Bobby Lake. In that instance resumption of

radial spread appears to have begun. McCauley and Cook (1980) reported that

recrudescence time within active, unburned centers ranged between 88 - 125 years.

Recrudescence rate within such centers could be viewed as reasonable estimates for the

minimum post-fire recrudescence lag time. This is because the pathogen is known to be

present and conditions are favorable for immediate reestablishment of susceptible hosts

due to (a) the availability of seed at close proximity, (b) the presence of a sheltered

micro-climate for seedling establishment. Diclunan and Cook (1989) estimated post-

fire recrudescence lag time averaged 173 years, but 243 years when only multi-center



clones were examined. The use of multi-center genets may be the best way to estimate

recrudescence lag times, since they alone can be assured of having existed prior to the

last stand replacing fire. Based upon spread rate and radius, some clonal centers appear

to have been quiescent for 230-330 years, which helps place an estimate of the typical

upper limit to post-fire recrudescence time. Because of the wide range, and obvious

influence on available spread time between fires, factors influencing recrudescence are

likely candidates for much of the observed differences in disease intensification

patterns. Lacking the ability to detennine whether a center lacking vegetatively

compatible neighbors is a survivor of one or more fires or of recent basidiospore origin,

scrutiny of clonal fragments in different portions of the landscape may provide a

reasonable method for reconstructing spread rate and recrudescence intervals.

Model NETSPREAD output suggests that the role of recrudescence lag time for

inoculum persistence becomes less important as fire return interval increases. Within

the range of current stand ages (300 - 460 yrs) persistence would appear to be very

dependent upon recrudescence lag time. Based upon these findings, variables

associated with recrudescence lag time are likely candidates to explain differences in

disease trajectories in the study landscape and warrant consideration for future studies.

Fire-return interval: Although Phellinus weiril occurs throughout the study area,

indicators of persistence (foci radius and clone formation) do not appear to coincide

with portions of the landscape with the lowest fire frequencies (northerly exposures,

western slope of the Cascades). This is contrary to the prevailing hypothesis attempting

to explain why the fungus is not everywhere in the landscape. Areas with the largest

tree sizes and the shortest post-fire occupancy by resistant hosts do not appear to

coincide with locations where the disease has been most destructive, or where evidence

of persistence (clone formation) is greatest. A comparable situation was observed by

Byler and Hagel (1990) for Armillaria in Montana. Root disease incidence in Douglas-

fir series was higher on southerly aspects than northerly aspects. Reconstruction of

intervals in subalpine forests is made difficult by the fire-sensitivity of the species,
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which usually do not survive to provide enough scars for mapping. In addition, fires

reportedly tend to be large, so large areas are required for adequate reconstruction. As

the fire return interval decreases, so too does the probable predictability, since they are

thought to be tied to regional droughts. Since the study area is situated across a major

orographic gradient, and the age of clones spans multiple fire cycles, fire return

intervals may best be generalized according to topographic position and orientation.

Disease intensification needs to be interpreted with respect to probable differences

between differing topographic and orographic positions, rather than with respect to the

current configuration of post-fire stands. I have to conclude that factors other than the

abundance of large infected trees adjacent to centers, and the expected duration of

resistant host dominance influence long-term trends in Phellinus we/ru intensification

within the study area. The proposed negative feedback loop (Dickman and Cook 1989)

between Pheiinus and fire (reduction of root disease resulting from increased fire

frequency/severity due to fuel load accumulation) does not appear to be supported by

the data. Factors influencing decay rate (species, moisture, temperature, uprooting

probability, prevalence of primary decay organisms, levels of antagonistic organisms)

of infected roots and stumps may be more important at the landscape level than fire

return interval.

Determining the role of fire return interval was modeled once parameter estimates

for spread rate and recrudescence rate were established. While a highly simplified view

of the system, it nonetheless helped to evaluate parameter estimates and identify ranges

of parameter values most sensitive to change. Where the fire return interval is between

300-450 years, probability of clone formation is very sensitive to recrudescence

interval. If fire return interval is greater than 450 years, the probability of clone

formation becomes increasingly insensitive to recrudescence lag time. This may be an

important point for interpreting the potential ecological significance of fire return

interval for Phellinus we/ru. Large complexes tend to have formed in areas where fire

return interval within the mountain hemlock zone has likely been shortest, rather than

longest. Since these areas also correspond to portions of the landscape where post-fire
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regeneration of highly susceptible hosts has been longest, a role in long-term

persistence of inoculum is suggested for disease and/or fire resistant hosts. Dickman

and Cook (1989) also suspected that this might be the case. The ages of clones

identified by Dickman and Cook (1989) are likely 1.67 -2.25 times older than

reported, assuming fire return intervals between 400 - 500 years, recrudescence lag

times between 200 - 250 years, and a conservative spread rate of 0.34 rn/yr. This

provides further support for the contention that spore-initiation of new infections is

probably a very rare event. Differential fire severity may be of greater ecological

importance than return interval.

The revised ages of the genets further emphasizes Dickman and Cook's

recommendation that paleo-ecological vegetation conditions be considered in

interpreting patterns of root disease distribution in the mountain hemlock zone of the

Central Cascades of Oregon.

Interpreting how host species and communities have responded to shifts in

climatic conditions in mountain regions is difficult due to the lack of studies.

Compositional shifts are likely to be reflected in changes in elevation and aspect along

environmental gradients, but interpretation of species displacements must consider both

physiological requirements, responses to new sets of environmental conditions, and

changes in competitive interactions. Areas where species exist at their physiological

limits, such as within the cold snow zone, are expected to be very sensitive to climatic

fluctuations, (Franidin et al. 1991). The apparent ability of Phellinus weirii to persist in

ecotonal areas represents a paradox that likely holds the key to interpreting current

distribution patterns throughout the study area. This would be consistent with previous

observations that areas favoring disease- and fire-resistant hosts also coincide with

areas with high root disease incidence (Byler et al. 1990).

Rather than fire, I would suggest that the spatial distribution of Phellinus weirli

within the study area represents a picture of previous host distribution patterns under
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differing climatic conditions. In an area prone to periodic disturbance, ecotonal areas

may have represented refugia for inoculum due to the broad host range of the pathogen

(Tsuga, Abies, Pseudotsuga, and less favorably Pinus). Filip and Goheen (1982)

related that root disease intensification in their study area was similar to others in

Oregon and Washington where root disease damage is high in areas of mixed species

composition (Pinus-PseudotsugaA b/es) Arm/liar/a pathogenicity in undisturbed sites

has also been linked to transition zones between moist-cool to moist-warm, and cold-

dry to warm-dry (McDonald et al. 1987). The authors interpreted the differences in

apparent pathogenicity to hosts whichwere maladapted to transitional site conditions.

Highly productive sites west of the Cascade crest were interpreted as areas where

adaptive tolerances were not exceeded. Localized transitional areas (dry soils on mesic

aspects, and moist soils on dry aspects) also coincided with areas of greatest Arm/liar/a

and Pheli/nus we/ru expression in a survey conducted by Williams and Marsden

(1982). Up-slope areas in this study area represent environmentally limiting conditions

for many species due to deep snow pack and short growing season, as well as slow

post-disturbance reforestation. These upper elevation areas may represent portions of

the landscape where Pheilinus weirii establishment is possible, yet unfavorable for

persistence, despite the current presence of highly susceptible hosts.

Synthesis offind/ngs - In placing the findings of this project in context with

previous research, I attempted to interpret which processes have likely contributed to

the patterns of Pheilinus weir// distribution and intensification within the High

Cascades. Spore initiation of new infection centers has likely been a very rare event,

and the conditions favoring establishment by this means may differ from conditions

favoring persistence. Current conditions likely reflect a combination of factors

influencing fire severity, recrudescence lag time, and inoculum persistence. The long

lag times observed suggest that differential decay rates of infected hosts and "cryptic"

infection in fire and/or disease resistant hosts, rather than fire frequency have been

important. Accumulation of inoculum and clone development has probably been

favored in areas with moderate fire regimes and mixed species composition. The mixed
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conifer zone on the east side of the Cascades cannot be thought ofas spatially stable in

the time frame relevant to the disease distribution patterns and clone ages. I would

suggest that the areas of greatest detected infection represent areas previously occupied

by mixed conifer stands during warmer and drier periods. The extent of the disease is

now visible since the area is currently dominated by mountain hemlock, a highly

susceptible species. Down-slope on the east-side, discrete root disease centers are more

difficult to discern in areas currently occupied by mixed conifer stands, but the disease

is present. Thirty percent of 10 stands in Oregon and Washington, used for assessing

susceptibility of native conifers to Phellinus weirii by Filip and Schmitt (1979),

contained ponderosa pine (resistant). In the Lob National Forest of Montana, Byler et

al. (1990) noted that 87.5 % ofwestern hemlock stands and 17.0 % of grand fir stands

contained Phellinus, although they were historically extensive stands of western white

pine with a minor component of Douglas fir. Western white pine is considered tolerant

to Phellinus. Douglas fir was interpreted as having been winnowed out of stands

through time due to Phellinus mortality. An important difference to keep in mind is that

early post-fire succession contained multiple species, some of which were susceptible

to Phellinus weirii , such as Douglas fir. Persistence would be favored if at least a

portion of the early post-fire successional vegetation was susceptible to the pathogen.

The shift in composition was attributed to the effects of fire suppression, partial

cutting, and white pine blister rust (Cronartium ribicola, J.C. Fisch). The pathogen

appears capable of waiting out fluctuations in climatic conditions and associated

changes in disturbance regimes and host distributions. Along steep ecotonal gradients,

such as occurs on the east-side of the Cascades, separation of historical conditions from

current site factors may be particularly difficult, but of primary importance for

prediction of future disease conditions.

I found no evidence to suggest that a negative feedback loop was influencing the

distribution of the detected infection centers. On the contrary, persistence appears to

have been greatest in areas with the most disease-related mortality, suggesting that

down fuel may not be a good predictor of local fire severity in open disease complexes.
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Fire behavior in these areas needs to be examined. East-side fires sometimes occur in

the spring after 7-10 days of warm, dry weather while the ground is still frozen and 1-2

meters of snow remain on the ground. Under such circumstances, much of the potential

fuel may remain intact, as does the existing regenerating seedlings and saplings, and the

large gaps in the overstoiy canopy may function instead as fuel breaks. Another

possibility is that canopy fires drop down to the floor and burn log to log as occurs in

PICO stands. In such cases, many living and infected trees could remain alive

promoting more rapid establishment of susceptible hosts and persistence of inoculum

than occurs in areas where infection centers are small. Rather than a negative feedback

cycle, I suspect that the pattern is better fit by a positive feedback cycle. Increased

spread time between fires (a function of fire return interval and recrudescence lag time)

would increase the amount of inoculum at the time of fire. The more abundant

inoculum is, the greater the probability of some early recrudescence of the genet, which

in turn both preserves the integrity of the prior infection center shape and increases the

functional spread time prior to the next stand-replacing fire. Probability of extirpation

of a genet would tend to decrease as the area it covers increases.

The theoretical role of fire differed from that previously published for the study

area (Dickman and Cook, 1989), but was consistent with observations made in the

mixed conifer zone by Filip and Goheen (1985). Byler et al. (1990) also noted that

exposure was strongly associated with probability of root disease mortality. As was

observed in this study, southerly exposures on moderate slopes tended to have a high

incidence of root disease, particularly evident in the Douglas-fir series. These

observations point to fire severity, rather than fire frequency, as an important

component influencing the long-term disease trajectory on a site. Fire is thought to

reduce inoculum primarily through its influence on tree size, growth interval, and by

altering species composition. These findings suggest that mixed species composition

may enhance rather than reduce the persistence likelihood of inoculum on site as

suggested by Dickman and Cook 1989), which is at odds with the prevailing theory.

There are several explanations for why this might be the case; (1) the presence of early
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successional hosts which are veiy susceptible to the pathogen (e.g. Douglas fir) which

would reduce losses of inoculum expected if persistence is dependent upon longevity of

saprophytic survival, and (2) the presence of fire resistant hosts which would influence

fire severity from the perspective ofthe fungus. Both factors would promote inoculum

persistence, and reduce recrudescence lag (and increase effective spread time between

fires). This explanation is consistent with the spatial distribution and local abundance

of root disease, but assumes a temporal and spatial lag between the cause of the

intensification, and its current effects. Dickman and Cook (1989) suspected that

tolerant or resistant hosts may act as hidden sources of inoculum. This may well

contribute to persistence of a genet in areas where early succession has few very

susceptible hosts, but I feel a more probable explanation lies with prior, rather than

current host distributions. The longevity of the genets and their size provides sufficient

evidence to warrant inclusion of host responses to climatic change over the last 4000

years or more.

The previous explanation was based upon long term interactions between climate,

host, and the fungus. Another interpretation, based upon current conditions would also

be directionally consistent. The size ofstumps has been demonstrated to influence

longevity of inoculum (Hansen 1979). At the landscape level, local abundance of large

trees adjacent to centers is not positively correlated with foci radius, suggesting

overriding factors. The disease was most abundant in portions of the landscape with the

smallest trees in the surrounding stand. Although the variable used as a surrogate for

host tree size was not linearly correlated with focus radius in this study, this may be due

to the method rather than the actual relationship. Host tree size may play a different

role in influencing inoculum accumulation. Where trees uproot, much of the potential

food source, and protection against antagonistic or competitive organisms is lost. The

lag time following the initial and secondary mortality waves within infections in the

study area was suggested to be due in part to uprooting frequency in the loose pumice

and ash (Goheen and Hansen 1993).Smaller trees may provide less leverage, and so

tend to die standing more often. Since host species differ in rooting morphologies, there
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is reason to suspect that windthrow rates may also be affected by this variable. No

significant differences were noted in windthrow incidence between host species on the

east side in an earlier study, however (Filip and Schmitt 1979). Windthrow rates may

differ by region and exposure. Thies and Sturrock (1995) report than Douglas-fir

usually uproots in coastal stands, occasionally breaks off on the west flank of the

Cascades, and often breaks off in inland stands. The authors also reported that both

mountain hemlock and grand fir often break off due to advanced bole decay. The

proportion of standing mortality may be increased if trees are killed by a secondary

assault, by bark beetles for example, dying before most of the anchoring root system

has decayed. This explanation would be spatially consistent with observed patterns of

root disease intensification. For this reason, windthrow rates by species and size may

be useful variables for inclusion in future studies.

The relationship between host vigor and susceptibility to P. we/ru has been the

subject of some debate. Nutrient availability has been suggested to influence

susceptibility of mountain hemlock seedlings to Pheiinus weirli (Matson and Waring

1984), but while nutrient status has been shown to influence growth rate of the host

(Thies and Sturrock 1995), host vigor was not associated with inoculation success,

infection, or colonization (Goheen and Hansen 1993). The lag time between

regeneration of susceptible species and initiation of a secondary mortality wave within

infection centers has been attributed to nitrogen and light availability (Matson and

Waring 1984), and root contact probability (Reynolds and Bloomberg 1982). The

implication is that nitrogen availability may influence recrudescence lag time. The

need to distinguish between vigor-related root production and hence intertree contact

probability and probability associated with changes in host defenses was argued by

Shaw et al. (1988). They argued for the need to confirm the link between vigor status

and resistance through highly structured field and laboratory techniques following

Koch's postulates. These include: (1) constant association of Pheiinus weirii and the

disease; (2) recovery of Phellinus through isolation in pure culture; (3) demonstrated

induction of disease in hosts following inoculation of known healthy plants; and (4)
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successful re-isolation of Phellinus from inoculated plants (Manion 1981). Goheen and

Hansen (1993) concurred with Reynolds and Bloomberg (1982), that factors

influencing root contact probability such as rooting depth, species-specific rooting

patterns, and uprooting of infected root systems are more probable explanations for the

lag time than factors influencing host vigor.

Review of Methodological Approach

Data management within a geographic information system provided a convenient

means to deal with questions with strong spatial components. The pixel grain used (25

x 25 m) was defined by the vegetation data set, and was too large to capture the detail

of the mapped infection center distribution patterns. Small centers in close proximity

were often forcibly merged, resulting in a distortion of the polygon size class frequency

results. For this reason more descriptive analysis regarding infection size, and perimeter

area estimates were excluded from consideration. The grain was too large for distinct

mortality zones to be reliably detected in the Pacific Meridian canopy size structure

data layer. The merging of canopy size structure classes into "larger size classes" and

"other" was used to help reduce error associated with this lack of sensitivity due to the

size of the footprint of the sensors and general differences associated with stand age,

species composition, and site conditions. The decision to merge classes helped expose

general underlying trends in local abundance of larger canopy size classes at the

landscape level, but the apparent independence between local canopy conditions and

focus radius obtained in the Mantel and Partial Mantel tests may be due to the nature of

the classification scheme and the grain size, rather than underlying characteristics of

the actual canopy structure. Veiy different results might have been obtained had I based

the analysis upon another application of the original satellite imagery. A band ratio

such as is used for the so called Normalized Difference Vegetation Index (NDVI) could

have been related to the amount of photosynthesizing vegetation (Jensen 1996). Based

upon my observations, the Pacific Meridian data layer would not be useful for



132

mapping root disease at the landscape level and at best would tend to discriminate only

the larger infestations. Canopy size structure classes associated with infections on the

west side of the Cascades are often associated with areas outside delineated disease

centers on the east side where stand densities are low and tree size small. A grain of 10

meters would have been more sensitive, such as can be obtained from SPOT satellite

imagery. Scanned color infrared aerial photos can reduce grain size further, but as grain

size decreases, file sizes increase dramatically, however, a consideration if map extent

is large.

Larger scale photos would no doubt have revealed more scattered infection,

especially in the mixed conifer stands and young mountain hemlock-lodgepole pine

stands. Accuracy of delineation of southern perimeters would also have been enhanced,

but the differences would likely be significant for small centers only.

The approach taken was designed to weed out potential explanatory variables by

determining whether the processes they are associated with have likely contributed to

the observed distribution patterns of the disease and vegetation structure. I also

attempted to use the natural distribution of detected root infection centers to by-pass

problems associated with current post-fire stand configurations. The use of inferred

infection origins (foci) as sample units provided a means to represent a fungal

individual response to local conditions and time better than an approach based upon

weighting sampling density by infection area as explained in Appendix 4. A sampling

scheme simply based upon infection area tends to over-represents large clonal genets,

and under represents small, often unique genets. This would result in pseudo-

replication. A sampling scheme based on polygons, ignoring polygon size, over-

represents small, often unique genets, and under-representing the large, often clonal

complexes which dominate the east side of the study area. In addition, large infection

polygons were sometimes composed of multiple genets. The approach devised for this

study sampled inferred locations of infection origin, whether due to recent spore

establishment or due to a recrudescing source of inoculum. Expansion time for each
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focus was determined by its local radius, rather than maximum or average radius, as

might have been used. This helped to see through the confusion created by polygons

composed of merged centers that had recrudesced at different times and distribute

sampling effort in a more equitable fashion.

The strategy of testing of formalized pattern predictions, based upon general

heuristics and available parameters, was helpful in sorting through multiple working

hypotheses concerning the potential causes of root disease intensification in the study

area. The expected patterns are of course sensitive to the accuracy of the heuristics

upon which they were based. Simple modeling of interaction between parameters was

useful in separating plausible and implausible parameter estimates, and to better

visualize parameter domains most sensitive to influence. The revised age estimates of

the sampled clones provided support for the initial decision to base inferences upon

general, rather than specific fire frequency.

Use of the Mantel and Partial Mantel test provided a means to account for

underlying spatial trends in distribution prior to assessment of the significance of

relationships between explanatory and response variables. They proved to be useful

exploratory tools for an observational study within a complex landscape. The use of

causal modeling was also helpful in assessment of directional interactions between

variables, although restricted to a small set of factors. Plant diseases are often

visualized as a "disease triangle", where environmental factors influence the pathogen

expression both directly, and or indirectly through influences on the host. In this study

the host variable was characterized as local abundance of larger tree size classes, and

pathogen expression as focus radius. One of the prevailing theories tested implied a

strong indirect influence of environment through host size. The results of causal

modeling suggested that environmental factors influence the host and pathogen

responses independently, after accounting for a shared spatial gradient. This may be
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due, of course, simply to the variables chosen to reflect host and pathogen responses,

but it illustrates how the issue of separating direct and indirect causal relationships may

be approached in disease ecology.

During the summer of 1996, a fire burned across the northern portion of the study

area. Based upon my interpretation of the factors that have shaped landscape-level

distribution of Phellinus weiril, I anticipate that recrudescence will be detectable

sooner in areas formerly occupied my mixed conifer stands than mountain hemlock

stands. I also expect that fire severity was higher in the mountain hemlock stands.

During the next centuly, the inoculum load in former mountain hemlock stands will

decrease as root systems of previously infected hosts decay. Lodgepole pine will

continue to increase in abundance, some becoming infected with Phellinus when new

root systems contact old, but much of the spatial integrity of the former infection will

be lost. Mountain hemlock will increase in abundance after there is sufficient

protection afforded by the lodgepole canopy, but regeneration will occur faster along

the edges of the burn than in the center. Infection centers will only be detectable in

aerial photos three centuries from now, after the lodgepole pine stands have been

replaced by the more shade tolerant and Phellinus-susceptible mountain hemlock. They

may show up earlier along the perimeters of the fire where mountain hemlock

regeneration will occur soonest due to proximity of seed source. For infections in

former mixed conifer stands, I expect less loss of spatial integrity due to survival of

susceptible hosts which may harbor the fungus, or which may contact infected roots

during the coming decades. Greater survival of susceptible hosts within burned areas

also could be expected to accelerate regeneration due to better seed source availability

than within former mountain hemlock or silver fir stands. These factors may also

contribute to shorter recrudescence lag times. In areas of low seventy, there may be no

effective recrudescence lag, although spread rate may decrease where stands have been

thinned (influencing live root contact probability). I would expect to be able to walk

through burned areas and be able to find ongoing root disease mortality in mixed

conifer stands during the next few decades at a much higher rate than in former
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mountain hemlock stands. If predictions for global warming are correct, the cold snow

zone will move up-slope during the coming centuiy. Host species are expected to

respond to the climatic changes independently (Franklin et al. 1991). Douglas-fir will

likely move up-slope in areas sheltered from the wind on the east side. Western

hemlock may succeed lodgepole pine in portions of the burned area formerly occupied

by mountain hemlock or silver fir. P he/linus weiril will likely decrease in abundance

where this occurs, and increase in abundance at upper elevations in the east side mixed

conifer zone.

4.3 MANAGEMENT IMPLICATIONS

Factors influencing disturbance severity and recrudescence lag time are interpreted

as the dominant parameters influencing Phellinus weirii disease trajectory in the study

landscape based upon this general spatial analysis The long recrudescence lags

observed point to a possible role of persistence of inoculum in living, but tolerant or

resistant hosts as suggested by Dickman and Cook (1989). Any factor influencing

recrudescence time lag can be expected to influence disease intensification probability.

Post-harvest planting of a susceptible host in stands containing Phellinus weirii where

early succession was historically dominated by resistant or tolerant species will likely

result in more dramatic increases in disease intensification than in stands where early

successional species were historically susceptible (through an increase in net spread

time). Disease management strategies using resistant species as a control may not

influence pathogen persistence during a single rotation, even though stand productivity

may be improved, depending upon rotation period. Repeat plantings of resistant hosts

on Pheiinus weirii centers may be required to effectively reduce local inoculum levels

within stands. Stump pulling or push falling of resistantltolerant hosts planted on

historic infection centers would undoubtedly speed up inoculum load reduction where

this was a feasible option. The long recrudescence lag times suggested by small clone

fragment dimensions and spread rates further emphasize the need to be able to
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anticipate disease trajectories in stands too young to detect centers through remote

sensing means, or traditionally maintained in Phellinus and fire resistant species by

periodic fire. Disease intensification in mixed conifer stands following fire suppression

highlights the need to better understand root disease distribution with respect to long-

term climate influences on host vegetation distribution. Caution should be exercised

when constructing predictive models based only upon current vegetation and site

characteristics, since the disease presence or absence may be more stable in time than

the host plant communities.

4.4 SUMMARY

After fire, root disease, caused primarily by Phellinus weiril, is the most apparent

form of disturbance detectable in aerial photos within the high Cascade study area. The

distribution of this chronic disturbance agent reflects a number of processes, including

historic host distribution patterns, long distance colonization via basidiospores, local

intensification via root-root spread of established genets, frequency of disturbance by

fire, and factors influencing the time prior to resumption of spread following fire. Fire

frequency has been previously offered as an explanation for the current disease

distribution pattern, as has frequent post-fire recolonization by basidiospores. In this

study, the plausibility of contribution of five general processes were explored,

including the role of basidiospores, expansion rates of detected infections, influence of

spread barriers, fire frequency, and recrudescence lag time. The results suggest that the

general distribution is (hierarchically) the result of long term climatic changes, and

long term disturbance factors (Mt. Mazama eruption 6600 years bp., fluctuations in

disturbance regimes since the hypsithermal), and changes in geographic distribution of

hosts. Phellinus weirli persistence may have been favored in mixed conifer stands

containing hosts varying in susceptibility to the fungus andfire. Support for this

interpretation include high disease levels near the eastern mixed conifer ecotone,

greater abundance of multi-center genets at low slope positions, and the advanced age
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estimates of the sampled multi-center genets. The pathogen appears to be in the process

of slowly tracking earlier expansion of mountain hemlock upsiope, with a time lag of

perhaps 3500 years. Upsiope diffusion appears to be the result of both infrequent

basidiospore colonization and root-to-root spread of existing genets. There is some

evidence to suggest that impediments to spread partially favored diffusion of genets in

the direction of the slope aspect through time. The current distribution of stands

dominated by the highly susceptible host mountain hemlock influence where the

pathogen can readily be detected from the air. Likewise, time since the most recent fire

is interpreted as influencing the ability to detect the pathogen rather than having had a

major influence on its landscape-level distribution. The temporal framework of the

processes, and the long lag times between cause and effect, may result in causal

processes being spatially out of phase with the effect of disease intensification,

confounding explanatory efforts.

4.5 RECOMMENDATIONS FOR FUTURE RESEARCU

Factors influencing inoculum persistence and recrudescence lag time need to be

explored more fully since they appear to have been important determinants of detected

root disease distribution within the study landscape. These might include (i) the role of

fire resistance in disease persistence in mixed conifer stands, (ii) the role of wood

decay characteristics and influencing site factors, (iii) proportions of standing dead vs.

uprooted dead within infection mortality zones as influenced by host species, size,

exposure to winds, gap dimensions, soil texture, slope, and cause of mortality, (iv)

determining fire behavior within infection centers of differing size classes, and (v) fire

behavior in stands of varying intensities of root infection, and (vi) investigation of the

potential role of resistant carriers of Phellinus, and its cryptic distribution in mixed

conifer stands.
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Genet mapping, while time consuming, provides one means of reconstructing root

disease dynamics at the temporal scale required to gain greater understanding of

fundamental biology and ecology of Phellinus weiril. A genet mapping project

designed to span the range of the mountain hemlock zone east through the mixed

conifer zone would be helpful in understanding the role of fire resistance of hosts and

long term persistence of the pathogen.
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Appendix A

(Glossaiy)

This thesis straddles several disciplines, and by necessity several sets of j argon.

Some words have developed veiy specific meanings within each field. In

anticipation of confusion, I have provided a glossary of terms for the reader's

convenience. The terms are alphabetically ordered, but separated into those

associated with root disease biology/ecology and remote sensing and pattern

analysis.

(Related to root disease biology and ecology)

basidiospore - a meiospore formed on a basidium.

barrier - an impediment to spread of fungal mycelia via root-root contact

clone - a group of organisms descended asexually from a single common ancestor

(in this case a group of infection centers descended asexually from a single

common ancestor)

coalescence - growing together

cryptic - hidden, concealed

disease - deviation from the normal functioning of a plant caused by some type of

persistent agent (Manion 1981)

disease trajectory - change in the of a disease through time, such as rate

of intensification or localized attrition of inoculum viability

disturbance - a disarrangement, interruption, or disorder (such as fire or windthrow)

ecosystem - "a community along with the environmental factors and physical forces

acting on it" (Perry 1994)

ecotone - a transition zone between community types (Perry 1994)

ectotrophic mycelia- fungal mycelia present on the external surface of roots but

deriving nutrition from inside the host.
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exposure - a position in relation to effect of meteorological variables and solar

radiation

fire regime - "a generalized description of the role fire plays in an ecosystem"

(Agee 1993)

focus - a point from which root disease has spread through root-root contact, in this

case operationally defined as a 25 x 25 m pixel from which Pheilinus weirii is

presumed to have begun spreading)

foci - plural of focus

genet - fungal product of a common mating which may become fragmented over

time due to disturbance resulting in multiple "clonal" infection centers

hazard - risk related to probability of exposure and susceptibility to damage if

exposed

host - an organism capable of harboring or nourishing a pathogen

hypsithermal - climatic warming period thought to have ended approximately 3500

years b.p. in the study area.

immune - not affected by a pathogen

infection center - current localized extent of a root disease genet having a common

point of origin since the last disturbance, such as by fire.

infection complex - a contiguous region of root disease infection of one or more

genets that have coalesced from more than one source of inoculum

inoculum - infectious material

mycelium - the vegetative part of a fungus, consisting of a mass of branching, t

threadlike filaments called hyphae

orographic - pertaining to the influence of mountains and mountain ranges on

patterns
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persistence - the continued survival of a ftingal genet, with emphasis on capability

of surviving a disturbance such as fire

paleoecology - the study of past ecological relationships

pathogen - an agent capable of inciting disease (Manion 1981)

recrudescence - to break out anew after a dormant or inactive period

resistant - the capacity to resist infection by a root disease

risk - probability of disturbance

saprophyte - deriving nourishment from dead or decaying matter

setal hyphae - a stiff hair or bristle-like form of fungal hyphae characteristic of

Phellinus weirii

structure - configuration of elements, in this case referring to tree size class

combinations

susceptible - subject to infection by a pathogenic organism such as Phellinus weirii

tolerant - the capacity to endure once infected by a root disease

topographic - pertaining to the physical configuration of landforms

vegetative compatibility - the ability of fungal isolates to grow together without

forming a line of demarcation, used to identify genets

vegetative spread - spread of a fungus asexually via hyphae

VG group (see vegetative compatibility group) - genets capable of growing together

in culture without forming a line of demarcation

vulnerability - susceptibility to injury if exposed to disturbance

(Related to remote sensing, pattern analysis, and methods)

classfIcation - the systematic grouping into categories based upon shared traits

Euclidean distance - pertaining to Euclid's geometric principles
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geographic information system (GIS) - computer software storing attribute

information according to spatial coordinates, capable of selective manipulation

and query of data layers

GIS (see geographic information system)

grain - minimum resolvable unit, in this case pixel size (ground resolution)

ground control points - locations on imagery for which geographic coordinates are

known, used to correct for image distortion

ground truth - verification of remotely-sensed observations by field inspection

heuristic - a devise such as a set of generalities for guiding interpretation

infrared (IR) - portion of the electromagnetic spectrum between visible light and

microwaves

JR (see infrared)

noise - signal error

orthophotoquad - a map created from a mosaic of aerial photos which have been

corrected to remove topographic distortions and distortions related to camera

viewing angle

Pacy'Ic Meridian Resources, Inc. (PMR) - a consulting firm specializing in GIS data-

base development and analysis, who created the vegetation size structure

data layer for the U.S.D.A Forest Service, used in this study

pattern - a composite of traits or features characteristic of a distribution of objects

pixel - short for picture element, the smallest resolvable unit of spatial measurement

in a digital image or a raster GIS data layer

PMR (see Pacific Meridian Resources, Inc.)

polygon - a closed plane figure bounded by three or more line segments, or a

contiguous set of pixels sharing a common classification

pseudo-replication - representation of the same object more than once in a

statistical sample but treating it as independent in subsequent analysis
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raster - a grid-based geographic information data storage and manipulation

system

remote sensing - data collection without physical contact, requiring transformation

into information using analog or digital image processing techniques. Aerial

photographs represent a type of analog (Jensen 1996). The PMR size

structure data was of passive digital origin (multispectral scanners).

scale - the level of spatial resolution (Forman and Godron 1986)

sensor - an instrument which converts some portion of the electromagnetic spectrum

into a signal analog (Jensen 1996)

signal - an impulse or fluctuating electrical quantity representing coded information

spatial autocorrelation - statistical dependence between sample values associated

with distance and direction

Thematic Mapper ('TM) - A satellite sensor platform launched in 1984 containing a

scanning optical-mechanical sensor. Four sensors collect data from the visible

portion of the electromagnetic spectrum, and three from differing portions of

the infrared region of the spectrum. The ground-projected instantaneous field

of view for the 6 commonly used bands is 30 x 30 m. (Jensen 1996)

TM (see Thematic Mapper)

Universal Transmercator Coordinate System (UTM) - A map projection system

organized in such a manner that locations are recorded in terms of meters on

both x andy axis, and regions grouped by separate zone.

UTM - (see Universal Transmercator Coordinate System)
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(Waldo Lake Root Disease Study - Ground Truthed Infection Centers - 840 km2)

150

Note: UTM coordinates refer to the upper left corner of the 1 km2 in which polygon
was located. Total infection polygons visited = 33. Number incorrectly identified as
root disease center = 0

# UTM-X UTM-Y ORTHO DESCR CREW CAUSE
01 588,000 4,854,000 Irish Ltl. Cultus crew&I P. weiril
02 587,000 4,854,000 Irish
03 587,000 4,853,000 Irish "

04 584,000 4,847,000 Irish Charlton Mtn Tom&I "

05 582,000 4,847,000 Irish " "

06 585,000 4,845,000 The Twins Chariton Crk D&I
07 585,000 4,845,000 The Twins "

08 580,000 4,845,000 Waldo Lake Islet Camp " "

09 580,000 4,845,000 Waldo Lake " "

10 578,000 4,839,000 Waldo Lake Shadow Lake B&I
11 578,000 4,839,000 Waldo Lake
12 579,000 4,837,000 Waldo Lake Betty Lake D&I
13 576,000 4,833,000 Waldo Lake Below Fuji Dad&I "

14 576,000 4,833,000 Waldo Lake "

15 576,000 4,832,000 Waldo Lake " "

16 577,000 4,831,000 Waldo Lake Gold Lake D&I "

17 577,000 4,831,000 Waldo Lake "
18 584,000 4,829,000 Odell Lake Maiden Peak "

19 586,000 4,827,000 Odell Lake Makiaks Mtn "

20 586,000 4,827,000 Odell Lake " "

21 587,000 4,827,000 Ode!! Lake " " "

22 587,000 4,828,000 Ode!! Lake Crew "

23 577,000 4,828,000 Will. Pass Sled area D&I
24 577,000 4,828,000 Will. Pass "

25 575,000 4,825,000 Will. Pass SE of Odell " "
26 575,000 4,825,000 Will. Pass " Crew
27 575,000 4,825,000 Will. Pass "

28 578,000 4,825,000 Will. Pass Lakeview Mtn "
29 579,000 4,822,000 Will. Pass " " "

30 579,000 4,822,000 Will. Pass " "

31 579,000 4,822,000 Will. Pass " "

32 579,000 4,822,000 Will. Pass " "
33 578,000 4,822,000 Will. Pass " "



Appendix C.

(RAW DATA - Waldo Lake Root Disease Study, 38 Random Foci)

SU UTM-X UTM-Y FOCIRAD MED&LG FTFV(m) ASP E/W TONEIST(km) PPT(cm)

Key to variables:
SU = infection foci

UTM-X= UTM coord.
UTM-Y= UTM coord.
FOCIRAD = foci radius (pixels)
MED&LG = medium + large tree stru
ELEV = elevation, m
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E/W = east or west of 583,000 mE
PIPODIST = km from resistant host ecotone
PPT = mean annual precipitation (cm)
ASP = aspect octant

cture classes (PMR data) in adjacent stand

1 147 578500 4835575 1 0.2187 1710 E 1 8+ 170.18
2 186 572300 4832775 1 0.1644 1840 SE 1 8+ 170.18
3 219 578050 4830650 1 0.1291 1660 NW 1 8+ 144.78
4 223 577900 4830550 1 0.3478 1650 NW 1 8+ 144.78
5 8 586325 4844075 2 0.2923 1620 NE 2 2 160.02
6 17 581375 4843850 2 0.0141 1730 NW 1 7 180.34
7 34 578800 4841425 2 0.3452 1670 NW 1 8+ 180.34
8 35 579350 4841350 2 0.2148 1700 NW 1 8+ 180.34
9 100 585425 4836925 2 0.0000 1750 SE 2 2 144.78
10 104 578350 4835825 2 0.1467 1730 'S 1 8+ 175.26
11 105 584425 4836825 2 0.0000 1880 SE 2 3 149.86
12 110 572300 4836775 2 0.3274 1720 NE 1 8+ 180.34
13 125 581750 4836425 2 0.3258 1800 E 1 6 160.02
14 175 584875 4833375 2 0.1839 1740 N 2 3 134.62
15 215 570825 4830900 2 0.4196 1710 Sw 1 8+ 170.18
16 29 580400 4842525 3 0.5293 1760 W 1 7 180.34
17 78 586175 4838175 3 0.0000 1760 E 2 2 144.78
18 133 579750 4836025 3 0.1935 1730 Sw 1 8+ 165.10
19 152 584325 4835175 3 0.0000 1660 SE 2 3 144.78
20 162 575900 4834375 3 0.2653 1730 S 1 8+ 170.18
21 173 575300 4833425 3 0.0952 1790 S 1 8+ 170.18
22 194 576775 4832150 3 0.3333 1600 SE 1 8+ 160.02
237 583250 4844075 4 0.1507 1770 SE 2 5 175.26
24 15 580750 4843850 4 0.2195 1700 w 1 7 180.34
25 45 586625 4840400 4 0.0000 1740 E 2 2 149.86
26 46 585675 4840300 4 0.1400 1870 E 2 3 154.94
27 79 586350 4838050 4 0.0000 1730 E 2 2 144.78
28 83 585550 4837900 4 0.0000 1820 SE 2 2 149.86
29 88 586050 4837600 4 0.1156 1740 E 2 2 144.78
30 119 584100 4836575 4 0.0000 1820 S 2 3 149.86
31 137 584175 4835950 4 0.0000 1720 S 2 3 149.86
32 161 578150 4834550 4 0.2439 1800 SE 1 8+ 165.10
33 181 580250 4832975 4 0.1470 1650 NW 1 7 149.86
34 80 586400 4838025 4 0.0000 1720 E 2 2 144.78
35 2 583600 4844225 5 0.0238 1760 S 2 4 175.26
36 37 585625 4841275 5 0.0000 1760 E 2 3 154.94
37 95 585125 4837325 5 0.0000 1810 SE 2 3 149.86
38 183 585200 4832875 8 0.0254 1790 E 2 3 134.62



Appendix D.

(GIS procedure for locating probable infection initiation locations)

Background - After converting the digitized map of infection centers to a 25

m grid size to match the vegetation data the minimum mapping unit, or potential

'size' of an infection polygon was 0.0625 ha. Discrete centers in close proximity

were at times forced to merge as a result of the routine. Many infection complexes

were delineated as complex shapes resulting from coalescence of multiple smaller

infections. Infection center radius and area were therefore not always related,

particularly on the east side of the Cascades. Total infected area within a defined

zone could be interpreted as a combination of spread rate and time since the last fire,

and prior fragmentation and persistence. Centers in close proximity also havea

strong likelihood of belonging to the same genet, so close centers may share similar

levels of relative pathogenicity. To sample foci radius, a method needed to be

developed to identify probable foci locations, or areas from which current infections

likely initiated. The following is a set of GIS operations used in this study to

operationally define probable infection initiation points (pixels), which were used as

the sampling frame.

PROCEDURE:

Search into infection center polygons from all edges. Pixel values represent distance

in pixels (25 m wide) from the edge of the mortality zone for SEARCHLN.gis

Scan the image SEARCHIN.gis with a circular moving window, recording the

maximum value within the window in each cell for SCANMAX.gis

Add "1" to file SCANMAX.gis for MAXPLUS1.gis

Subtract SEARCHIN.gis from MAXPLUS 1 .gis for MAXARE I .gis (local maxima

will take on the value "1", among which are operationally defined foci)

Recode MAXARE1.gis assigning 1 = 1, else =0 for LOCALMAX.gis

Appendix D. , Continued.
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At this point the file contains some spurious foci since minor lobe perimeters

stick out enough to be characterized as probable infection origination pixels.

Correction of this called for an 'erosion' routine. Erosion strips away the outer

perimeter of polygons. Without a preliminary presorting of infection polygons by

size, an erosion procedure would eliminate foci associated with small, discrete

infection centers as well.

PROCEDURE:

Use the CLUMP routine to assign unique numbers to contiguous clusters of

pixels identified as infection centers for file CLUMPED.gis

Use the SEIVE routine to exclude small infection polygons for file SEIVED.gis

RECODE file SEWED.gis for MASK.gis, assigning 0 to 0 and 1 to 1-

MATRIX files MASK.gis and CENTERS.gis for BIGCENTERS.gis . This

operation leaves just the centers required for the erosion routine.

SEARCH into BIGCENTERS.gis to 2 for ERODE. gis

RECODE ERODE.gis, assigning 0 to 0- 1 and 1 to 2 for MASK2.gis

MATRIX MASK2.gis and LOCALMAX.gis for FOCIbig.gis

RECODE file SEWED.gis, assigning 1 to 0 and 0 to 1 - For MASK3.gis

MATRIX files MASK3.gis and LOCALMAXgis for FOCIsmal.gis

OVERLAY files FOCIbig.gis and FOCIsmal.gis, assigning the maximum value

for file ALLFOCI.gis. In this file, foci in small infection centers have been retained,

and spurious foci associated with perimeter curvature of large centers have been

removed. Foci are coded as 100, else =0.

To associate the radius of an infection with each of the foci, the OVERLAY

routine was again used with the files ALLFOCI.gis and SEARCHIN.gis, specifying

that the minimum value take precedence this time for file FOCIRAD.gis. This

variable represent the closest distance to the edge of the polygon in pixels (25 m).



Appendix E.

(Randomized sampling of infection foci in ERDAS)

Background - Sampling within ERDAS (Version 7.4) proved more difficult than

expected. The objective was to be able to draw random samples conveniently from the

sampling frame of 2713 foci with a few key strokes by creating registered layers

composed of random numbers. An inspection of the initial layer revealed unacceptable

spatial structure. Assigmnent appeared random along the X-axis, but numbers were

written to 1-5 adjacent rows. I contacted the company and spoke with the programmer

responsible. He concurred that there was a problem, but he could not think of an easy

solution to circumvent it.

I noted that the pattern of repetition differed between files, and used this to my

advantage to develop a randomized sampling strategy within the geographic

information system.

PROCEDURE:

Generate 6 random number files, RAND1.gis, RAND2.gis... .RAND6.gis
Generate a file containing repeating rows, with values 1 -6.
Create 6 masks from the repeating row file, MASK1.gis, MASK2.gis, .MASK6.gis,

assigning the value = (max value of random numbers + 1) to rows with the
corresponding number, and 0 otherwise.

Overlay mask and random number files with corresponding numbers, assigning the
minimum value of the two files to each pixel for ROW1RND.gis, ROW2RND.gis,
ROW6RND.gis.

Combine all ROWxRND.gis files into a single file using OVERLAY and selecting
the maximum value option.

Test to confirm that the frequency distributions of the random numbers is flat in
both X and Y-axes, and that no obvious visual pattern is detected.

Randomized selection offoci - Selection of a randomized subset of infection foci

was accomplished by selecting a random number and all foci in corresponding

locations, repeating the process until the desired sample size was achieved.
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Appendix F

(Creation of canopy structure sampling zones)

Background - Stand conditions associated with infection centers was

characterized within a 100 rn-wide band of 'urnnfected' forest close to delineated

infection centers. To avoid problems associated with undetected influenced of

Phellinus weini on trees in advance of the obvious mortality zone, mixed pixel signal

error and slight misregistration error, a 25 rn-wide buffer zone was added to infection

centers prior to defining the sampling zone.

PROCEDURE:

SEARCH away from infection center polygons in the file CENTERS.gis to 6 for the

file SRCHOUT.gis.

RECODE the values in file SRCHOUT.gis for the file ZONES.gis, assign 1 to 0,

and label it INFECTION, assign 2 to 1 and label it BUFFER, assign 40 to 2 through 5,

and label it SAMPLEZONE, assign 0 to 6 and label it OUTSIDE.

The sampling zone (SAMPLEZONE) in the file ZONES.gis was assigned the value

40 to facilitate subsequent overlay of the canopy structure file which contained a

maximum class value of 39.
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Appendix G

(Identification of the sampling zone associated with a specific infection focus)

Background - The sample units used in the study were single pixels representing

locations where local infection likely originated, either from a spore or inoculum that

survived the previous fire. Infection center radius varied greatly, however. The intent

was to characterize stand conditions directly adjacent to sampled infection centers. The

portion of the adjacent sampling zone associated with a focus was defined as the

intersection between an idealized radial spread ring centered on the focus, and the

actual available sample zone. When the potential sample zones of two foci overlapped,

the conflicting area was assigned to the focus with the smaller radius. The result was a

partitioning of non-overlapping sampling zones between all foci drawn for use in

hypothesis testing. The associated samplingzones differed in area for each focus.

PROCEDURE:

Create a separate file for each foci radius class of sampled foci, for FOCI1.gis

FOCImax.gis.

SEARCH away from foci in FOCI1 .gis to 7 for AWAY 1 .gis

RECODE file AWAY1.gis assigning 0 to 0-2, assign ito 3 -6, assign 0 to 7 for

POTENT 1 .gis

Repeat steps (2) and (3) for each radius class, adjusting the spread distance and

recoding distances accordingly, naming files POTENT2. .n corresponding to the radius

class.

At this point each of the POTENTn.gis files contained the idealized sampling

zone surrounding sampled foci of a specific radius class. Not all of the potential

sampling zone will be available. Some centers are too close, elsewhere the shape of
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Appendix G, Continued.

the infection center is complex. The process of associating a specific portion of the

available sampling zone to specific foci is discussed in the following section.

The actual sample zone area can be visualized as the intersection between the

potential sample zone and the available sample zone. The latter changed with time,

since the process of assignment proceeded in ascending order of focus radius class in

order to give priority to the smallest infections.

PROCEDURE:

RECODE file ZONES.gis, assigning 0 to 1 -2, assigning 1 to 40 and label as

AVAiLABLE for the file AVAILI.gis.

MATRIX file AVAIL1.gis and file POTENT1.gis for Zl.gis.

RECODE file Z 1 .gis for ZONES 1 .gis, assigning (maximim radius value in data

set) to 1, else 0.

Repeat steps (2) and (3) for files AVAJL2.gis and POTENT2.gis, etc., remembering

to assign (maximum radius value in data set - 1) to 1 in file ZONES2.gis, and

(maximum radius value in data set -2) to 1 in ZONES3.gis, etc.

Create a composite layer ALLZONES.gis ofZONES1 .gis through ZONESn.gis

using a series of OVERLAY routines, selecting the maximum value option.

RECODE file ALLZONES.gis to reassign values according to radius class rather

than its inverse to make it easier to keep track in subsequent processing.

The file ALLZONES.gis is a partitioning of the available sampling zone by

potential sample zones of differing size classes. The values represent sample zones of

differing radius class.
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Appendix G, Continued.

Assignment of sample area to a specific focus was somewhat more involved.

PROCEDURE:

I) The CLUMP routine was used to assign a unique number to each foci in each of the

separate files representing differing radius classes (FOCI1.gis,. . . FOCImax.gis) for

CLUMP1.gis, CLUMP2.gis. . CLUMPn.gis.

The CLUMP routine was then used to assign unique numbers to the potential

sampling zones in files POTENT1.gis, POIENT2.gis. . . POIENTn.gis, for files

RINGs1.gis, RINGs2.gis. .. RINGsn.gis

The OVERLAY routine was then used for files CLUMP1.gis and RINGs1.gis,

selecting the maximum value option for file BOThI.gis. This file contained potential

sample zones, each identified with a unique number, and the corresponding foci, with

their unique numbers. The objective was to recode the sample zones with the unique

numbers corresponding to their focus. Determining correspondence was done manually

on-screen, and used for subsequent recoding.

RECODE RiNGs I .gis, substituting values corresponding to the unique numbers of

the foci as described in step (3). Note: It was sometimes necessary to process centers in

close proximity in separate steps to avoid merging during the CLUMP routines.

Repeat steps (3) and (4) for the other combinations.

At this point each potential sampling zone for each foci was identifiable by a

unique number corresponding to its focus identity. The smallest foci were assigned the

highest identity numbers, the largest foci the smallest identity numbers, as were there

corresponding potential sampling zones. The next step was to identify the actual

sampling zones for each focus.

Continued..
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Appendix G, Continued.

PROCEDURE:

The file ZONES.gis was recoded for ZONE.gis, assigning 0 to 0-2, and 1 to 40.

The MATRIX routine was then used with files ZONE.gis and the recoded

RINGsI.gis, for MATI.gis. The area where the potential sampling zone of a focus and

the available sampling zone intersect are assigned a value equal to the focus identity

number.

Step (2) was the repeated for RINGs2.gis for the file MAT2.gis, still using the file

ZONE.gis, and the remainder of the combinations.

A series of OVERlAY routines were then used to compile files MAT1.gis through

MATn.gis, selecting the maximum option for the file FOCZONE.gis. Since the smallest

foci and associated sampling zones had the largest identity numbers, potential overlap

was automatically awarded to the smaller of the conflicting foci.

The last remaining step was to determine canopy structure class frequency within

sampling zones associated with each sampled focus. This was a simply done using the

SUMMARY routine, with the files FOCZONE.gis and the file STRUCTUR.gis. The

number of pixels of each of the 39 classes was reported for each of the sample zone

associated with each focus. The classes were then merged for the variable MED&LG

(all medium and large size structure classes plus the small-multistoried ++ class). The

proportion of these pixel classes represented in each sampling zone was then recorded

as an attribute associated with the focus number, along with geographic coordinates,

radius, etc.)
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Appendix II.

(Procedure for comparing northerly vs. southerly canopy structure characteristics)

Background - Comparison of northern and southern perimeters of infection center

vegetation conditions was done to determine whether the PMR data was sensitive to the

visually detectable differences within centers resulting from crescentric regeneration

patterns. Regeneration tends to be slower on the northern perimeter due to exposure, so

smaller PMR structure classes would be expected to be more abundant in the 25 m

band inside the northerly perimeters than the 25 m band inside the southerly

perimeters. Because the southern perimeter was less distinct, it was more difficult to

delineate with confidence. In addition, mixed pixel signals were expected to be

important since the 25 m grain of the vegetation data was larger than the mortality

zones it was representing. For these reasons, both interior and exterior edges were

identified and the vegetation compared.

Identification of northern and southern perimeters was done using a series of GIS

operations for selective edge detection. Northern and southern perimeters were isolated

using the following scanning window configurations:

010 000
southern = 010 northern = 0 1 0

000 010

This was repeated for interior edges (inside polygon) and exterior edges (outside
polygon)

The SUMMARY routine was then used to compile PMR size structure frequency

data by perimeter classification (SOUTH-OUT, SOUTH-IN, NORTH-OUT, NORTH-

IN).
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Appendix I.

(Output of model 'NETSPREAD')

The following pages contain the output of the model 'NETSPREAD', developed

for this project to better estimate ages of Phellinus weirii genets. The conventional

method has been to multiply the maximum distance between inoculum of the same

genet by 1/z the estimated radial spread rate of the pathogen (4.34 m / yr). This method

does not take into account the amount of time following disturbance by fire that radial

expansion halts. In NETSPREAD, a correction factor is calculated to account for the

probable time in which no radial spread occurs, to better estimate the age of the genet.

The model was developed in EXCELL, assuming a constant spread rate of 0.34 rn/yr.

(SPREAD TIME BETWEEN FIRES - years)
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Fire Return
Interval(FRI) 50 100 150

Lag Interval
200 250 300 350

200 150 100 50 0 0 0 0
250 200 150 100 50 0 0 0
300 250 200 150 100 50 0 0
350 300 250 200 150 100 50 0
400 350 300 250 200 150 100 100
450 400 350 300 250 200 150 150
500 450 400 350 300 250 200 200
550 500 450 400 350 300 250 250
600 550 500 450 400 350 300 300
650 600 550 500 450 400 350 350
700 650 600 550 500 450 400 400



Appendix I Continued.

(SPREAD DISTANCE (m) BETWEEN FIRES)

Sampled genets mapped by Allen Dickman (1984; Dickman and Cook 1989):
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Fire Return
Interval(FRI) 50 100

Lag Interval
150 200 250 300 350

200 51 34 17 0 0 0 0
250 68 51 34 17 0 0 0
300 85 68 51 34 17 0 0
350 102 85 68 51 34 17 0
400 119 102 85 68 51 34 17
450 136 119 102 85 68 51 34
500 153 136 119 102 85 68 51
550 170 153 136 119 102 85 68
600 187 170 153 136 119 102 85
650 204 187 170 153 136 119 102
700 221 204 187 170 153 136 119

Sample # Length (m) Half distance (m) Published Age Est.(vrs)
1 680 340 1000
2 912 456 1340
3 394 197 580
4 748 374 1100
5 748 374 1100
6 652 326 960
7 258 129 380
8 686 343 1010
9 810 405 1190
10 490 245 720
11 266 133 390
12 360 180 530
13 422 211 620



Appendix I, Continued.
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Sample No.: 1

FRI 50

(Revised age estimates)
LAG INTERVAL

100 150 200 250

Half length (m): 340

300 350
200 1333 2000 4000
250 1250 1667 2500 5000 --
300 1200 1500 2000 3000 6000
350 1167 1400 1750 2333 3500 7000
400 1143 1333 1600 2000 2667 4000 8000
450 1125 1286 1500 1800 2250 3000 4500
500 1111 1250 1429 1667 2000 2500 3333
550 1100 1222 1375 1571 1833 2200 2750
600 1090 1200 1333 1500 1714 2000 2400
650 1083 1182 1333 1444 1625 1857 2167
700 1077 1167 1273 1400 1556 1750 2000

Sample No.: 1

50 100

(Correction Factor)
LAG INTERVAL
150 200 250

Half length (m): 340

300 350
200 6.67 10.00 20.00
250 5.00 6.67 10.00 20.00
300 4.00 5.00 6.67 10.00 20.00
350 3.33 4.00 5.00 6.67 10.00 20.00
400 2.86 3.33 4.00 5.00 6.67 10.00 20.00
450 2.50 2.86 3.33 4.00 5.00 6.67 10.00
500 2.22 2.50 2.86 3.33 4.00 5.00 6.67
550 2.00 2.22 2.50 2.86 3.33 4.00 5.00
600 1.82 2.00 2.22 2.50 2.86 3.33 4.00
650 1.67 1.82 2.00 2.22 2.50 2.86 3.33
700 1.54 1.67 1.87 2.00 2.22 2.50 2.86
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Sample No.: 2

FRI 50

(Revised age estimates)
LAG INTERVAL

100 150 200 250

Half length (m): 456

300 350
200 1788 2682 5365
250 1676 2235 3353 6706 -
300 1609 2012 2682 4024 8047
350 1565 1878 2347 3129 4694 9388
400 1533 1788 2146 2682 3576 5365 10729
450 1509 1724 2012 2414 3018 4024 6035
500 1490 1676 1916 2235 2682 3353 4471
550 1475 1639 1844 2108 2459 2951 3688
600 1463 1609 1788 2012 2299 2682 3219
650 1453 1585 1744 1937 2179 2491 2906
700 1444 1565 1707 1878 2086 2347 2682

Sample No.: 2

50 100

(Correction Factor)
LAG INTERVAL
150 200 250

Half length (m): 456

300 350
200 8.94 13.41 26.82
250 6.71 8.94 13.41 26.82 --
300 5.36 6.71 8.94 13.41 26.82
350 4.47 5.36 6.71 8.94 13.41 26.82
400 3.83 4.47 5.36 6.71 8.94 13.41 26.82
450 3.35 3.83 4.47 5.36 6.71 8.94 13.41
500 2.98 3.35 3.83 4.47 5.36 6.71 8.94
550 2.68 2.98 3.35 3.83 4.47 5.36 6.71
600 2.44 2.68 2.98 3.35 3.83 4.47 5.36
650 2.24 2.44 2.68 2.98 3.35 3.83 4.47
700 206 2.24 2.44 2.68 2.98 3.35 3.83
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Sample No.: 3

50 100
LAG INTERVAL
150 200 250

Half length (m): 197

300 350
200 773 1159 2317
250 724 966 1449 2897
300 695 869 1159 1738 3476
350 675 811 1014 1352 2028 4056 --
400 662 773 927 1159 1545 2318 4636
450 652 745 869 1043 1303 1738 2607
500 645 724 828 966 1159 1449 1931
550 637 708 797 911 1062 1275 1594
600 632 695 773 869 993 1159 1391
650 628 685 753 837 942 1076 1255
700 624 676 737 811 901 1014 1159

Sample No.: 3

50 100

(Correction Factor)
LAG INTERVAL
150 200 250

Half length (m): 197

300 350
200 3.86 5.79 11.59
250 2.90 3.86 5.79 11.59
300 2.32 2.90 3.86 5.79 11.59
350 1.93 2.32 2.90 3.86 5.79 11.59
400 1.66 1.93 2.32 2.90 3.86 5.79 11.59
450 1.45 1.66 1.93 2.32 2.90 3.86 5.79
500 1.29 1.45 1.66 1.93 2.32 2.90 3.86
550 1.16 1.29 1.45 1.66 1.93 2.32 2.90
600 1.05 1.16 1.29 1.45 1.66 1.93 2.32
650 0.97 1.05 1.16 1.29 1.45 1.66 1.93
700. 0.89 0.97 1.05 1.16 1.29 1.45 1.66
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Sample No.: 4

50 100

(Correction Factor)
LAG INTERVAL
150 200 250

Half length (m): 374

300 350
200 7.33 11.00 22.00
250 5.50 7.33 11.00 22.00
300 4.40 5.50 7.33 11.00 22.00
350 3.67 4.40 5.50 7.33 11.00 22.00
400 3.14 3.67 4.40 5.50 7.33 11.00 22.00
450 2.75 3.14 3.67 4.40 5.50 7.33 11.00
500 2.44 2.75 3.14 3.67 4.40 5.50 7.33
550 2.20 2.44 2.75 3.14 3.67 4.40 5.50
600 2.00 2.20 2.44 2.75 3.14 3.67 4.40
650 1.83 2.00 2.20 2.44 2.75 3.14 3.67
700 1.69 1.83 2.00 2.20 2.44 2.75 3.14

Sample No.: 4 Half length (m): 374
LAG INTERVAL

FRI 50 100 150 200 250 300 350
200 1467 2200 4400
250 1375 1833 2750 5500
300 1320 1650 2200 3300 6600
350 1283 1540 1925 2567 3850 7700 --
400 1257 1467 1760 2200 2933 4400 8800
450 1238 1414 1650 1980 2475 3300 4950
500 1222 1375 1571 1833 2200 2750 3667
550 1210 1344 1513 1729 2017 2420 3025
600 1200 1320 1467 1650 1886 2200 2640
650 1192 1300 1430 1589 1788 2043 2383
700 1185 1283 1400 1540 1711 1925 2200
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Sample No.: 5

50 100
LAG INTERVAL
150 200 250

Half length (m): 374

300 350
200 1467 2200 4400
250 1375 1833 2750 5500
300 1320 1650 2200 3300 6600
350 1283 1540 1925 2567 3850 7700 -
400 1257 1467 1760 2200 2933 4400 8800
450 1238 1414 1650 1980 2475 3300 4950
500 1222 1375 1571 1833 2200 2750 3667
550 1210 1344 1513 1729 2017 2420 3025
600 1200 1320 1467 1650 1886 2200 2640
650 1192 1300 1430 1589 1788 2043 2383
700 1185 1283 1400 1540 1711 1925 2200

Sample No.: 5

(Correction Factor)
LAG INTERVAL

Half length (m): 374

FRI 50 100 150 200 250 300 350
200 7.33 11.00 22.00
250 5.50 7.33 11.00 22.00 --
300 4.40 5.50 7.33 11.00 22.00
350 3.67 4.40 5.50 7.33 11.00 22.00
400 3.14 3.67 4.40 5.50 7.33 11.00 22.00
450 2.75 3.14 3.67 4.40 5.50 7.33 11.00
500 2.44 2.75 3.14 3.67 4.40 5.50 7.33
550 2.20 2.44 2.75 3.14 3.67 4.40 5.50
600 2.00 2.20 2.44 2.75 3.14 3.67 4.40
650 1.83 2.00 2.20 2.44 2.75 3.14 3.67
700 1.69 1.83 2.00 2.20 2.44 2.75 3.14
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Sample No.: 6

50 100

(Revised age estimate)
LAG INTERVAL
150 200 250 300

Halflength (m): 326

350
200 1278 1918 3835
250 1199 1598 2397 4794
300 1151 1438 1918 2876 5753
350 1119 1342 1678 2237 3356 6712
400 1096 1278 1534 1918 2557 3835 7671
450 1079 1233 1438 1726 2157 2876 4315
500 1065 1199 1370 1598 1918 2397 3196
550 1055 1172 1318 1507 1758 2109 2637
600 1046 1151 1278 1438 1644 1918 2301
650 1039 1133 1246 1385 1558 1781 2077
700 1033 1119 1220 1342 1492 1678 1918

Sample No.: 6

(Correction Factor)
LAG INTERVAL

Halflength (m): 326

i'Ji 50 100 150 200 250 300 350
200 6.39 9.59 19.18
250 4.79 6.39 9.59 19.18
300 3.84 4.79 6.39 9.59 19.18
350 3.20 3.84 4.79 6.39 9.59 19.18
400 2.74 3.20 3.84 4.79 6.39 9.59 19.18
450 2.40 2.74 3.20 3.84 4.79 6.39 9.59
500 2.13 2.40 2.74 3.20 3.84 4.79 6.39
550 1.92 2.13 2.40 2.74 3.20 3.84 4.79
600 1.74 1.92 2.13 2.40 2.74 3.20 3.84
650 1.60 1.74 1.92 2.13 2.40 2.74 3.20
700 1.48 1.60 1.74 1.92 2.13 2.40 2.74
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Sample No.: 7

50 100

(Correction Factor)
LAG INTERVAL
150 200 250

Half length (m): 129

300 350
200 2.53 3.79 7.59
250 1.90 2.53 3.79 7.59
300 1.52 1.90 2.53 3.79 7.59
350 1.26 1.52 1.90 2.53 3.79 7.59
400 1.08 1.26 1.52 1.90 2.53 3.79 7.59
450 0.95 1.08 1.26 1.52 1.90 2.53 3.79
500 0.84 0.95 1.08 1.26 1.52 1.90 2.53
550 0.76 0.84 0.95 1.08 1.26 1.52 1.90
600 0.69 0.76 0.84 0.95 1.08 1.26 1.52
650 0.63 0.69 0.76 0.84 0.95 1.08 1.26
700 0.58 0.63 0.69 0.76 0.84 0.95 1.08

Sample No.: 7

50

(Revised age estimates)
LAG INTERVAL

100 150 200 250

Half length (m): 129

300 350
200 506 759 1518
250 474 632 949 1897
300 456 569 759 1138 2276
350 443 531 664 885 1328 2656
400 434 506 607 759 1012 1518 3035
450 427 488 569 683 854 1138 1707
500 422 474 542 632 759 949 1265
550 417 464 522 596 696 835 1043
600 414 455 506 569 650 759 911
650 411 448 493 548 617 705 822
700 409 443 483 531 590 664 759
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Sample No.: 8

50 100
LAG INTERVAL
150 200 250

Half length (m): 343

300 350
200 1345 2018 4035
250 1261 1681 2522 5044 -- -
300 1211 1513 2018 3026 6053
350 1177 1412 1765 2354 3531 7062
400 1153 1345 1614 2018 2690 4035 8071
450 1135 1297 1513 1816 2270 3026 4540
500 1121 1261 1441 1681 2018 2522 3363
550 1110 1233 1387 1585 1850 2219 2774
600 1101 1211 1345 1513 1729 2018 2421
650 1093 1192 1311 1457 1639 1874 2186
700 1086 1177 1284 1412 1569 1765 2018

Sample No.: 8

50 100
LAG INTERVAL
150 200 250

Halflength (m): 343

300 350
200 6.73 10.09 20.18
250 5.04 6.73 10.09 20.18
300 4.04 5.04 6.73 10.09 20.18
350 3.36 4.04 5.04 6.73 10.09 20.18
400 2.88 3.36 4.04 5.04 6.73 10.09 20.18
450 2.52 2.88 3.36 4.04 5.04 6.73 10.19
500 2.24 2.52 2.88 3.36 4.04 5.04 6.76
550 2.02 2.24 2.52 2.88 3.36 4.04 5.04
600 1.83 2.02 2.24 2.52 2.88 3.36 4.04
650 1.68 1.83 2.02 2.24 2.52 2.88 3.36
700 1.55 1.68 1.83 2.02 2.24 2.52 2.88
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Sample No.: 9

50

(Revised age estimates)
LAG INTERVAL

100 150 200 250

Halflength (m): 405

300 350
200 1588 2382 4765
250 1489 1985 2978 5956
300 1429 1787 2382 3574 7147
350 1390 1668 2085 2779 4169 8338
400 1361 1588 1906 2382 3176 4765 9529
450 1340 1532 1787 2144 2680 3574 5360
500 1324 1489 1702 1985 2382 2978 3971
550 1310 1456 1638 1872 2184 2621 3276
600 1299 1429 1588 1787 2042 2382 2859
650 11290 1408 1549 1721 1936 2212 2501
700 1283 1390 1516 1668 1853 2085 2382

Sample No.: 9

50 100

(Correction Factor)
LAG INTERVAL
150 200 250

Half length (m): 405

300 350
200 7.94 11.91 23.82
250 5.96 7.94 11.91 23.82
300 4.76 5.96 7.94 11.91 23.82
350 3.97 4.76 5.96 7.94 11.91 23.82
400 3.40 3.97 4.76 5.96 7.94 11.91 23.82
450 2.98 3.40 3.97 4.76 5.96 7.94 11.91
500 2.65 2.98 3.40 3.97 4.76 5.96 7.94
550 2.38 2.65 2.98 3.40 3.97 4.76 5.96
600 2.17 2.38 2.65 2.98 3.40 3.97 4.76
650 1.99 2.17 2.38 2.65 2.98 3.40 3.97
700 1.83 1.99 2.17 2.38 2.65 2.98 3.40
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Sample No.: 10

50

(Revised age estimates)
LAG INTERVAL

100 150 200 250

Half length (m) 245

300 350
200 961 1441 2882
250 901 1201 1801 3603
300 865 1081 1441 2162 4324
350 841 1009 1261 1681 2522 5044
400 824 961 1153 1441 1922 2882 5765
450 811 926 1081 1297 1621 2162 3243
500 801 901 1029 1201 1441 1801 2402
550 793 881 991 1132 1321 1585 1982
600 786 865 961 1081 1235 1441 1729
650 781 852 937 1041 1171 1338 1561
700 776 841 917 1009 1121 1261 1441

Sample No.: 10

50 100

(Correction Factor)
LAG INTERVAL
150 200 250

Half length (m): 245

300 350
200 4.80 7.21 14.41
250 3.60 4.80 7.21 14.41
300 2.88 3.60 4.80 7.21 14.41
350 2.40 2.88 3.60 4.80 7.21 14.41
400 2.06 2.40 2.88 3.60 4.80 7.21 14.41
450 1.80 2.06 2.40 2.88 3.60 4.80 7.21
500 1.60 1.80 2.06 2.40 2.88 3.60 4.80
550 1.44 1.60 1.80 2.06 2.40 2.88 3.60
600 1.31 1.44 1.60 1.80 2.06 2.40 2.88
650 1.20 1.31 1.44 1.60 1.80 2.06 2.40
700 1.11 1.20 1.31 1.44 1.60 1.80 2.06
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Sample No.: 11

(Revised age estimates)
LAG INTERVAL

Half length (m) 245

FRI 50 100 150 200 250 300 350
200 961 1441 2882
250 901 1201 1801 3603
300 865 1081 1441 2162 4324
350 841 1009 1261 1681 2522 5044
400 824 961 1153 1441 1922 2882 5765
450 811 926 1081 1297 1621 2162 3243
500 801 901 1029 1201 1441 1801 2402
550 793 881 991 1132 1321 1585 1982
600 786 865 961 1081 1235 1441 1729
650 781 852 937 1041 1171 1338 1561
700 776 841 917 1009 1121 1261 1441

Sample No. : 11

50 100

(Correction Factor)
LAG INTERVAL
150 200 250

Half length (m): 245

300 350
200 4.80 7.21 14.41
250 3.60 4.80 7.21 14.41
300 2.88 3.60 4.80 7.21 14.41
350 2.40 2.88 3.60 4.80 7.21 14.41
400 2.06 2.40 2.88 3.60 4.80 7.21 14.41
450 1.80 2.06 2.40 2.88 3.60 4.80 7.21
500 1.60 1.80 2.06 2.40 2.88 3.60 4.80
550 1.44 1.60 1.80 2.06 2.40 2.88 3.60
600 1.31 1.44 1.60 1,80 2.06 2.40 2.88
650 1.20 1.31 1.44 1.60 1.80 2.06 2.40
700 1.11 1.20 1.31 1.44 1.60 1.80 2.06
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Sample No.

FRI

12

50 100

(Correction Factor)
LAG INTERVAL
150 200 250 300

Half length (m): 133

350
200 2.61 3.91 7.82
250 1.96 2.61 3.91 7.82
300 1.56 1.96 2.61 3.91 7.82
350 1.30 1.56 1.96 2.61 3.91 7.82
400 1.12 1.30 1.56 1.96 2.61 3.91 7.82
450 0.98 1.12 1.30 1.56 1.96 2.61 3.91
500 0.87 0.98 1.12 1.30 1.56 1.96 2.61
550 0.78 0.87 0.98 1.12 1.30 1.56 1.96
600 0.71 0.78 0.87 0.98 1.12 1.30 1.56
650 0.65 0.71 0.78 0.87 0.98 1.12 1.30
700 0.60 0.65 0.71 0.78 0.87 0.98 1.12

Sample No. 12

50

(Revised age estimates)
LAG INTERVAL

100 150 200 250

Half length (m): 133

300 350
200 522 782 1565
250 489 652 978 1956
300 469 587 782 1174 2347
350 456 548 685 913 1369 2738
400 447 522 626 782 1043 1565 3129
450 440 503 587 704 880 1174 1760
500 435 489 559 652 782 978 1304
550 430 478 538 615 717 861 1076
600 427 469 522 587 671 782 939
650 424 462 509 565 636 727 848
700 421 456 498 547 608 685 782
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Sample No.: 13

(Revised age estimates)
LAG INTERVAL

Half length (m): 180

FRI 50 100 150 200 250 300 350
200 706 1059 2118
250 662 882 1324 2647
300 635 794 1059 1588 3176
350 618 741 926 1235 1853 3706
400 605 706 847 1059 1412 2118 4235
450 596 681 794 953 1191 1588 2382
500 588 662 756 882 1059 1224 1765
550 582 647 728 832 971 1165 1456
600 578 635 706 794 908 1059 1271
650 574 626 688 765 860 983 1147
700 570 618 674 741 824 926 1059

50 100

(Correction Factors)
LAG INTERVAL
150 200 250 300 350

200 3.53 5.29 10.59
250 2.65 3.53 5.29 10.59
300 2.12 2.65 3.53 5.29 10.59
350 1.76 2.12 2.65 3.53 5.29 10.59
400 1.51 1.76 2.12 2.65 3.53 5.29 10.59
450 1.32 1.51 1.76 2.12 2.65 3.53 5.29
500 1.18 1.32 1.51 1.76 2.12 2.65 3.53
550 1.06 1.18 1.32 1.51 1.76 2.12 2.65
600 0.96 1.06 1.18 1.32 1.51 1.76 2.12
650 0.88 0.96 1.06 1.18 1.32 1.51 1.76
700 0.81 0.88 0.96 1.06 1.18 1.32 1.51
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Sample No.: 14

(Revised age estimates)
LAG INTERVAL

Half length (m): 211

FRI 50 100 150 200 250 300 350
200 827 1241 2482
250 776 1034 1551 3103
300 745 931 1241 1862 3724
350 724 869 1086 1448 2172 4344
400 709 827 993 1241 1655 2482 4965
450 698 798 931 1117 1396 1862 2793
500 690 776 887 1034 1241 1551 2069
550 683 758 853 975 1138 1365 1707
600 677 745 827 931 1064 1241 1489
650 672 733 807 896 1008 1153 1345
700 668 724 790 869 965 1086 1241

Sample No.: 14

(Correction Factor)
LAG INTERVAL

Half length (m): 211

FRI 50 100 150 200 250 300 350
200 4.14 6.21 12.41
250 3.10 4.14 6.21 12.41
300 2.48 3.10 4.14 6.21 12.41
350 2.07 2.48 3.10 4.14 6.21 12.41
400 1.77 2.07 2.48 3.10 4.14 6.12 12.41
450 1.55 1.77 2.07 2.48 3.10 4.14 6.12
500 1.38 1.55 1.77 2.07 2.48 3.10 4.14
550 1.24 1.38 1.55 1.77 2.07 2.48 3.10
600 1.19 1.24 1.38 1.55 1.77 2.07 2.48
650 1.03 1.19 1.24 1.38 1.55 1.77 2.07
700 0.95 1.03 1.19 1.24 1.38 1.55 1.77


