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The root pathogen, Phytophthora lateralis Tucker and Milbrath,

continues its destructive spread among Port-Orford Cedars (Chamae-

cyparis lawsoniana (Murr. ) Pan. ) of southwestern Oregon. This

thesis concerns spread of the fungus between root systems of

individual trees in a 49-year-old stand predominantly of Port'-Orford-

Cedar. The contribution of root grafts to spread is given special

attention.

Root systems of five groups of trees, 36 in all, were Fydrauli-

cally excavated and examined for the frequency and character of root

grafting and for the part played by the grafts in disease spread.

Eighty three percent of the trees studied had at least one root

graft and frequently trees were grafted into complexes of as many as

nine trees, functionally uniting widely spaced (39 feet) individuals.
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The frequency of root grafting was found to be a linear function

of both horizontal and vertical distances between trees of a pair. If

either distance is increased the frequency of root grafting decreases.

Root grafting is therefore most prevalent in dense stands on level

ground and least prevalent in sparse stands on slopes.

Disease may spread between trees by fungus sporu]ation on

infected roots followed by reinfection (discontinuous spread) and/or by

vegetative spread between root grafted trees (continuous spread).

The two forms were compared with respect to rate of spread.

Approximately 91 percent of the disease spread in the study trees

resulted from discontinuous spread, while only 9 percent resulted

from continuous spread through root grafts.

An elementary simulation model was formulated to determine

the degree of association of roots of trees separated by given dis-

tances. The model is used to explain disease spread between trees

in the absence of root grafts. Here, an hypothesis, "wash back, " is

introduced to explain disease spread upsiope by the overlap of infected

and healthy roots.

The following conclusions concerning disease spread emerge

from examination of root systems: (1) disease spread through root

grafts is of minor importance over time as compared with spread by

sporulation and reinfection; (2) root grafts are import3nt in disease

spread in the absence of sporulation and reinfection (vegetative fungus



spread through grafted complexes will result in continued tree

mortality)1

and (3) disease spread upsiope through root grafted trees

becomes less likely as slope stee pens. Disease spread between over-

lapping root systems of healthy and infected trees can account for

disease spread upslope in the absence of root grafts.
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THE IMPORTANCE OF ROOT GRAFTING IN THE SPREAD
OF PHYTOPHTHORA ROOT ROT IN AN IMMATURE

STAND OF PORT-ORFORD-CEDAR

INTRODUCTION

Phytophthora root rot of Port-Orford-Cedar (Chamaecyparis

laws oniana (Murr.) Part) continues to damage cedar stands in south-

western Oregon. The pathogen, Phytophthora Lateralis Tucker and

Mllbrath, was introduced into the natural cedar region sometime

prior to 1952 (Roth et at. , 1957). Since its introduction the disease

has reached epidemic proportions in the low lands along the coast.

Thousands of isolated trees and small cedar patches in areas exposed

to human activity have been killed. Hence, the disease is not row as

conspicuous in the low lands as it was 15 years ago. The fungus, how-

ever, is moving east into the upland high value cedar areas. This

thesis concerns an aspect of that movement. It attempts to evaluate

the importance of root grafting in the spread of Phytophthora root rot

in a forest of immature Port-Orford-Cedar.

Intraspecific root grafting is common in many forest tree

species (Graham and Bormann, 1966). Prior to the present study

reports of grafting were available for only two species of Chamae-

cyparis; C. obtusa and C. pisifera (Satoo, 1962). Root grafting in

natural stands of lawsoniana was noted in a two-acre study area in
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the Coos County Forest during the summer of 1972. Grafting was

evidenced first by an abundance of callused butts of standing snags

(Appendix A) and later by hand excavation between adjacent trees.

Root anastomosis in forests and in shade tree plantings have

been important avenues for pathogen movement between trees (Henry

etal., 1944; Kuntz and Riker, 1950a, b; McNew and Young, 1950

Buckland, Molnar and Wallis, 1954; Wallis and Buckland, 1955;

Boyce, 1957, 1960; Hodges, 1969). More recentlyRothetal. (1972)

have raised the question concerning the mechanism of spread of

Phytophthora root rot between trees on level ground and upslce..

Discovery that root grafting was common has raised questions as to

the importance of the grafts in disease spread. The general questions

are: (1) is root grafting a factor in the spread of root rot, and (2) if

so, is it important enough to be taken into account by foresters and

pathologists when formulating root rot control measures?

My results are based on observation of hydraulically excavated

diseased root systems. The basic assumption that the fungus may

move from tree to tree via root grafts appears demonstrable by

observation of excavated root systems. However, phytophthora

species can also spread between root systems of adjacent or widely

spaced plants by zoospore spread in soil water with subsequent infec-

tion of feeder root tips.

It therefore has appeared desirable to consider the roots of each
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tree as divisable into two distinctive systems: (1) the grafting root

system, which anatomically and physiologically ties two or more

seemingly independent trees into a unit, and (2) the non-grafting root

system. The problem is then defined as a comparison of effectiveness

of pathogen spread by the root graft system as opposed to the non-

grafting system.
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LITERATURE REVIEW

This thesis concerns root grafting in native st3nds of Port-.

Orford- Cedar and its relation to the spread of phytophthora root rot.

The material is treated in three separate 3reas of concern: (1) history,

biology, and pathology of the pathogen and host, (2) review of root graft

formation and its signific3nce to forest biology, and (3) consideration

of the importance of grafted roots in spread of a limited number of

destructive forest pathogens. The review irs, therefore, divided into

three sections.

I. History, Biology, and Pathology of
the Pathogen and Host

The root rot fungus, Phytophthora lateralis Tucker and

Mjlbrath, has caused extensive tosses in ornamental plantings and in

native stands of Lawson Cypress (Chamaecyparis lawsoniana (Murr.

Pan.), more commonly known as Port-Orford-Cedar. While damage

to ornamentals represents a financial and aesthetic loss, by far the

greatest losses occur in native timber stands of Port'-Orford Cedar.

This review begins with the report of Tucker and Milbrath

(1942). At that time damage was found only in nursery and home

plantings. Torgeson (1953) and Torgesonetal. (1954) tisted suscep-

tible and resistant varieties and recommended possible control

measures. The symptoms of the disease also were discussed.
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The first confirmation of phytophthora root rot in the native

Port-Orford-Cedar region was in Coos County in 1952 (Roth etal.,

1957). Disease spread was rapid and severe. "The rapid spread of

Phytophthora lateralis following introduction into the native cedar

region appears unprecedented in the history of soil-borne parasites in

American forests" (Roth etal. , 1957). To date, most of the lowland

cedar region is affected, and in the absence of preventive measures

continued spread into high elevation disease-free areas seems certain.

The physiology and pathology of P. late ralis was first studied

by Tucker and Milbrath (1942). They found the fungus to grow slowly

on agar media, the optimum temperature for growth being approxi-

mately 20°C. Phytophthora lateralis is chiefly a root parasite which

typicalLy invades small feeder roots, colonizes, and advances through

the inner bark to the root collar. The fungus then surrounds the tree

base iniectlng all, the inner bark tissues, killing the tree. Salisbury

(1955) investigated the rate of mycelial extension in P. lateralis by

inoculating stems of Port-Orford-Cedar. The average maximum

extension of lesions from the point of inoculation of 41 stems after a

six-month period was 96 mm. Environmental factors such as tern-

perature, soil moisture, etc. were not stated. Trione (1959) reported

the rate of mycelial growth in stems to be 2 inches per month. The

rate of vegetative mycelial growth in root tissue is not known.

Trione (1957, 1959) expanded on the growth requirements and



sporulation characteristics of the fungus and conducted the first

definitive field experiments on cedar root rot. Since his experiments

serve as a fundamental basis for future rese3rch on cedar root rot,

his conclusions are briefly summarized.

1) Phytophthora lateralis is a 'cool weather" fungus. The upper

and lower limits of growth are 25 and 3°C respectively. Opti-

mum growth occurs between 15 and 20°C.

2) Optimum growth occurs at pH 5. 3-6. 9.

3) Sporangia, zoospores, chiamydospores, and oospores are

produced in the disease cycle of the fungus.

4) Chlamydos pores and oospores may serve as resistant over

summering propagules.

5) Sporangia develop between 5 and 20°C and germinate indirectly

(zoos pore formation) within that temperature range.

6) Foliar infections, which are rare, are initiated by zoospores

germinating in free water on the foliage. This usually occurs

in the spring (also see Trione and Roth, 1957).

7) The pathogen can be isolated from the upper soil layers in the

spring.

8) Local spread of the root disease is more rapid in disturbed

areas than undisturbed areas.

More recently Englander (1972) studied the growth and sporula-

tion characteristics of P. lateralis in vivo. He found that removal or
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depletion of nutrients from cultures of P. late ralis resulted in

sporangial formation. He also found that chlamydospores formed at

relatively high temperatures (20-24°C).

It has been assumed that P. lateralis spreads within the forest

stand either by movement of infested soil or by swimming zoospores

liberated into moving surface soil water (Roth, Bynum and Nelson,

1972). Species of Phytophthora generally have a low degree of compe-

titive saprophytic ability with the possible exception of P. cinnarnomi.

Kuhlman (1964) reported that P. cinnamomi does not survive or spread

.n natural forest soils. However, Zentmeyer and Mircetich (1964)

attribute Kuhlman!s (1964) failure to recover P. cinnarnomi from soil,

in his survival study, to lack of adequate isolation techniques. Albeit,

the majority of evidence indicates that, in general, species of Phytoph-

thora do not spread even minimal distances through natural soils by

mycelial extension (Vujici and Park, 1964; Turner, 1965; Hine and

Trujillo, 1966; Taso, 1969). However, we have no evidence either

confirming or denying mycelial spread of P. lateralis deeper in the

soil.

Although P. lateralis is the most widely known and destructive

parasite of Port-Orford-Cedar in the Pacific Northwest, one other

Phytophthora species is capable of causing damage. Phytophthora

cinnamomi Rands, which parasitizes a wide range of plants, also is

capable of causing cedar root rot. It elicits nearly identical symptoms



on Port-Orford-Cedar to those produced byP. lateralis (Torgeson,

1954). Campbell and Verrall (1967) reported P. cinnamorni as the

causal agent in the death of Lawson Cypress in Louisiana. They

stated Lawson Cypress is very susceptible to infection byP. cm-

namomi. Atkinson (1965) and Salisbury (1955), both working in

British Columbia, reported recovery of P. lateralis and P. cm-

namomi from dying Port-'Orford-Cedar nursery plantings, Two un-

identified species of Phytophthora were isolated from Port-Orford-

Cedar by Salisbury (1955). Atkinson (1965) isolated one unidentified

Phytophthora fron. Port-Orford-Cedar and reported the unidentified

isolate to be more pathogenic to Port-Orford-Cedar than P. lateralis

but less pathogenic thanL cinnarnomi.

Literature concerning the biology of the host (. lawsoniana) is

limited. The silvicultural characteristics are covered by Fowells

(1965). Briefly, these are: the range extends 130 miles south from

Coos Bay, Oregon to Mad River, California; Port-Orford-Cedar may

become established on many varying soil types but develops best on

sandy barns and clay barns of the Coast Range; Port-Orford-Cedar

does not reproduce naturally by sprouts; Port-Orford-Cedar can

survive for many years in a suppressed condition and retains the

capacity to respond to release to a very old age. Hepting (1971)

reports that Port-Orford-Cedar lacks a tap root.

Root grafting is known to occur in Chamaecyparis obtusa and



C. pisifera (Satoo, 1962). Although it is known to occur, there is no

published account of root grafting in C. lawsoniana.

II. Root Grafting, General

Root grafting is a widespread phenomenon in natural and planted

forest stands. Graham and Bormann (1966) list 150 species of trees

which form either intraspecific and/or interspecific root grafts.

Self-grafts are the most common type of graft foLlowed by intraspeci-

fic grafts. Interspecific grafts are rare (Graham and Bormanri,

1966; Kozlowskii, 1971). The definition o root grafting to be adopted

in this study is that o Graham and Bormann (1966). TMTrue root

grafts involve the morphological union of carnbium, phloem, and

xylem of two or more previously distinct roots. True root grafts

can be identified by dissection, bark stripping, or examination of

increment cores. These methods provide evidence either confirming

or denying the existence o anatomical fusion of root tissues. False

grafts often are surrounded by layers of root periderm, seemingly

uniting the complex in the form of a true graft. These fusions, how-

ever, are weak in that the xylem and phloem tissues are not united

anatomically or physiologically (Graham and Bormann, 1966).

Graham and Bormann (1966) describe four basic forms or kinds

of root grafts:

1) The intersection; roots united at angles approaching perpendicu-

Ia r.
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2) Longitudinal; roots which lie parallel and subsequently fuse.

3) Web grafts; "Duck-foot like anastomoses of roots, resulting from

their confinement by stony soil, shallow soil overlying bed

rock, hard-pan or heavy clay, or a high water table.

4) Bridge root; typically connects two roots but does not extend

beyond either.

The presence of root grafts in the forest stand may be recog-

nized by direct observation of the root graft, callused stumps, or

living snags.

Roots are usually immobile in the soil, being anchored both

proximally and distally. As a result, radial growth of either or both

of the roots causes pressure to be exerted at points of mutual contact

(Bormann, 1966; Graham and Bormann, 1966). If these conditions

are met and the root pair is compatible, growth is stimulated at the

contact area and fusion of the partner roots results.

Bormann (1966) has proposed the following hypothetical chain of

events in formation,by means of root grafts, of a living snag from a

dominant tree.

1) Two dominant trees become connected through root grafts, and

a balanced physiological relationship is established. Later a

loss of vigor in one member of the pair results in the establish-

ment of a trans location gradient in the direction of the less

vigorous member. This is the beginning of suppression wherein
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the root system and lower bole of the suppressed member is

eventually wholly supported by the dominant member. The

crown of the suppressed member is no longer able to fulfill the

nutritional or hormonal needs of its lower bole or root system.

2) A hemiparasitic relationship has been established. In this case

the suppressed member maintains its crown via its own photo-

synthate while the root system is supported by translocation

from the dominant member. The dominant partner is not

compensated for its expenditure of energy in support of the root

system of the suppressed tree.

3) Death of the main stem of the suppressed member results from

starvation of the tissues in the lower middle bole. The sup-

pressed member loses its foliage and a living snag is the result.

The dominant partner and the grafted stump share a neutralistic

relationship. Part of the main stem and root system is kept

alive by translocation of photosynthate from the dominant mem-

ber. The dominant tree is compensated by receiving minimal

nutrients and water from the remaining root system of the living

snag.

It has been generally agreed that root grafting between two trees

does not confer any noticeable growth or vigor advantages to either

member of the graft pair. Significant growth stimulation of a domi'-

nant member following the suppression of its graft partner is due to
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reduced competition for foliage space and not because of any additional

root volume contributed by the suppressed partner (Bormann, 1966;

Graham and Bormann, 1966; Schultz and Woods, 1967; Wood and

Bachelard, 1970). The presence of living stumps or snags may be

detrimental in that they may delay stand development because of the

slow death of suppressed members (Eis, 1971).

The establishment and prevalence of root grafting in plantations

and natural forest stands is dependent on a variety of factors. In

general, any set of conditions which encourages root growth also will

encourage root grafting (Wood and Bachelard, 1970). However,

because of the often close proximity Of trees in ratural stands,

root grafts are numerous. Evenly spaced trees in plantations have

fewer root grafts because extreme juxtaposition is eliminated (Schultz

and Woods, 1967).

In general, Graham and Bormann (1966) state that root grafting

in any stand probably is related to age, density, and stand purity. In

a study of eastern white pine (Pinus strobus), root grafting started as

early as 15 years. Root grafts were abundant in stands ranging in age

from 15 to 71 years. However, at age 55 years the number of root

grafts started to decline (Graham, 1959). In a 55-year-old stand,

approximately 60 percent of the old stumps examined had root grafts,

while in t1e 71-year-old stand there were only 42 percent. InRadiata

pine a lower age limit for grafting was established to be 10 years.



13

Grafting frequency increased rapidly with increasing age between 10

and 25 years (Wood and Bachelard, 1970). These findings indicate

that the root graft frequency will increase at some rate determined by

age and then level off and/or decline with increased stand age.

It has been suggested by the following investigators that the

number of trees involved in root graft complexes approaches a maxi-

mum as forest stands mature. Yli-Vakkuri (1955), in an extensive

investigation of root grafting, found that of 3, 795 trees on 264 plots,

21 to 28 percent of the trees had root grafts. Grafting was most

abundant in the 30 to 60-year-old age class. Stands of Loblolly Pine

( taeda) which varied in age from 27 to 83 years old had similar

numbers of living stumps throughout the age range (Schultz and Woods,

1967). This data seems contrary to the hypothesis that root grafting

is a function of stand age. However, the authors assert that the

following factors may offset subsequent root grafting with increasing

stand age: the donor tree (i. e. , the partner with intact foliage) is

removed and the grafted stump dies; some grafted stumps die while the

donor tree remains alive; the tree to tree distances increase as sup-

pressed trees drop out or with artificial thirinings. Bormann (1966)

found that roots of the stumps other than those directly involved in the

graft union are usually dead.

Satoo (1962) proposed a formula for estimating the number of root

grafts in thinned stands of Chamaecyparis obtusa. By his formula he
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estimated 14 to 16 tree pairs per 100 square meters were root grafted.

Frequency of root grafting is correlated with both basal area per

acre and density as evidenced by callused stumps of Douglas-fir

(Pseudotsuga menziesii) (Schultz, 1963). Callusing increased from

zero percent at 70 square feet basal area per acre to approximately

50 percent at 220 square feet per acre. The number of callused

stumps increases from approximately 8 percent at 50 trees per acre

to a maximum of 46 percent per acre at 700 trees per acre. These

results were obtained from 50-year-old site III stands, Yli-Vakkuri

(1955) found that root graft frequency increased as the diameter

class of the trees increased. Stand density was held roughly con-

stant. In summary, the frequency of root grafting in a stand is

directly affected by basal area per acre, stand density, and diameter

class.

Safar (1957) found that the proportion of Living stumps in stands

of Abies alba is a function of the distance from the grafted stump to the

nearest neighbor. Schultz and Woods (1967), studying root grafting in

Loblolly Pine, found the same relationship to exist. Although not

explicitly stated, I interpret the above mentioned authors' conclusions

to state that root grafting is an inverse function of tree to tree

distance; i. e. , the frequency of root grafting decreases as tree to

tree distance increases. Further support for the existence of this

inverse relationship is a study by Verall and Graham (1935), who
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found that root grafts are common in crowded elm stands. They found

that nearly all trees 8 inches or larger in dtameter were connected

by root grafts if they were within 7 feet of ore another. Root grafting

decreased as tree to tree distance increased. However, some trees

separated by as much as 17 feet were found to be grafted.

The relationship between root grafting and soil types was studied

by Bormann and Graham (1959). They found that the frequency of root

grafting increased on shallow, stony soils. However, Schuj.tz (1963)

found no correlation between soil types or topography and the frequency

of root grafting. Eis (1970) found that root grafts are as frequent on

sandy or clay barns as on dry ridges or on slopes and depressions.

The study was conducted in a mixture of western hemlock (Tsuga

heterophylla), red cedar (Thuja placata), and Douglas-fir (Pseudotsuga

menziesii) on varying sites on Vancouver Island, British Columbia.

It may be that stand age and density are dominant overriding factors

in the establishment of root grafts, while soil types are less important

and are secondary factors influencing grafting. However the impor-

tance of factors that influence root grafting can, at thts time, only be

speculated on and will probably vary from stand to stand.

Frequently, more than two trees are united by grafts forming

complexes of several individuals. Verall and Graham (1935) found

groups ranging from three to five individuals linked into a continuous

system. Grafting complexes involving six trees have been reported



(Graham, 1959). Yli-Vakkuri (1955) found networks of grafted trees

consisting of more than ten individuals. Complexes of at least three

trees have been reported for C. obtusa (Satoo, 1962). Multiple grafts

between grafting pairs also are known to occur. Cameron (1970) found

four or five grafts between orchard grown filbert tree pairs to be

common. Bormanriand Graham (1959) reported that the number of

grafts between two trees ranged from 1 to 35.

Photographs or representations of root unions presented in

publications show root grafts which appear to be formed from roots o

moderate diameters. The root pairs involved in the graft union are

also approximately equal in diameter (Bitancourt and Fawcett, 1943;

Satoo, 1962; Bormann, 1966; Cameron, 1971; Eis, 1971). The dia-

meters are estimated to range from 2 cm to 8 cm. Wood and

Bachelard (1970) found root grafts between roots which varied from

0. 8 cm to 9.0 cm in diameter. Eis (1971), in a discussion on the

mechanism of root grafting, states that large roots (no quantitative

data) generally do not graft. The bark on large roots may present a

barrier to graft fusion, or the area of contact between the two roots

may be so large that callus tissues do not form opposite each other.

Ineither case root grafts generally do not result. Eis (1971) found that

seedlings growing around the base of larger trees do not graft with

them at their root collars.
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Information on the depth beneath the soil surface and the distance

from parent trees where root grafting is most likely to occur is scant.

This type of information requires excavation of root systems. How-

ever, most of the information available on root grafting has come

from empirical methods such as the number of callused stumps per

acre or the trans location of radioisotopes from the stump to the donor

tree. Hence, the precise location of root unions in a forest stand

usually remains unknown. However, a few workers have excavated

root systems in search of this and other data. Root grafting in

Loblolly Pine (P. taeda) commonly occurs between 4 and 14 inches

below the soil surface (Schultz and Woods, 1967). The authors found

that grafts most frequently occur within 2 feet of one of the graft

partners and in a direct line between the two. Root grafting in Radiata

pine (P. radiata) occurred between 2. 5 cm and 35 cm (1 and 14 inches)

below the soil surface. Root grafts did not necessarily form on facing

sides of the parent trees (Wood and Bachelard, 1970). Since rooting

depth is highly variable within and between species and with soil

texture (Kozlowski, 1971), a general statement concerning the likeli-

hood of root grafting at various depths cannot be made. This will

probably have to be determined for each species and ts associated

soil type and site characteristics.

The frequency of root grafting has been implied to be an inverse

function of tree to tree spacing (Safar, 1957; Schultz and Woods, 1967).



The distance at which the frequency of grafting approaches zero has

been the subject of many investigations, particularly those concerned

with disease transmission via root grafts. Studies on tree to tree

transmission of oak wilt seemingly have placed an upper limit on

tree to tree distances beyond which disease transmission is negligible.

Black oak (Quercus velutina) grafts abundantly at spacings of 28 feet

(Kuntz and Riker, l950b). Boyce (1957) found that 23 percent of all

oaks within 50 feet of a central infection center became infected and

assumed that transmission was by root grafting. Jones and Partridge

(1961) also reported newly infected trees are within 50 feet of pre-

viously infected trees. Poisons have been recorded passing from tree

to tree through a distance of 45 feet (Kuntz and Riker, 1952). Because

healthy trees within 50 feet of infected trees are likely to become

diseased, control measures specifying removal of all trees within 50

feet of infected trees have been adopted (McNew and Young, 1950;

Yount, 1955).

Several workers (Bormann, 1966; Schultz and Woods, 1967;

Wood and Bachelard, 1970; Eis, 1971) have reported on maximum

tree to tree graft distances. A composite of their findings ranged

from 1 to 50 feet between trees. Presumably, grafting between two

trees can occur at greater distances than 50 feet, but it is believed

that these cases are rare.
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III. Disease Transmission through Root Grafts

In general, if a species of plant is known to form intraspecific

root grafts, there is a distinct and real danger that disease organisms

which may permanently or temporarily reside in or on the roots may

be transmitted from tree to tree by root grafts or contacts. Several

diseases of woody plants are known to be transmitted in this manner

(Henry etal. , 1944; Kuntz and Riker, 1950a, b; McNew and Young,

1950; Boyce, 1957, 1960). Dutch elm disease also may be transmitted

by root grafts (Verall and Graham, 1935). In coniferous forests,

Poria root rot of Douglas-fir (Buckland, Molnar and Walli,s, 1954;

Wallis and Buckland, 1955; Schultz, 1963) and Fomes root rot of

many species (Hodges, 1969) may spread by either root contact or

root grafting.

Diseases of orchard trees may be transmitted by root grafting.

A viral disease of citrus, Psorosis disease, is thought to be traris-

mitted by root grafting of adjacent trees (Bitancourt and Fawcett,

1943). Cameron (1971), reporting on an undetermined disease of

filbert, has speculated that a virus or some other agent is transmitted

radially from infection centers via root grafting.

The establishment of root grafts is not always a prerequisite

for disease transmission through root systems. In many cases mere

root contact will suffice. However, spread by root contact alone



probably is limited to those pathogens with a relatively high degree of

competitive saprophytic ability at least to the extent of colonization of

the outer bark tissues. Examples of parasites which fall into this

class are Fomes annosus (Hodges, 1969), Poria weirij (Childs, 1962),

and Polyporus tomentosus (Myran, 1969). Pathogens which do not

readily colonize the outer bark of roots, such as Ceratocystis ulmi

(Verall and Graham, 1935) or those which are generally confined to

the phloem tissues, such as virus disorders, probably require anatomi-

cal and physiological continuity of the tissues for disease transmission

to occur.

A relatively slow, steady rate of disease spread from infection

centers along radii of varying lengths is characteristic of many root

diseases. The outer perimeter of the infested area usually is sharply

defined by an interface between diseased and healthy trees. Hidden

infections may, however, lie beyond the interface. Poria root rot nd

Fomes root rot of Douglas-fir exhibit this pattern of spread (Chi],ds,

1972; Hodges, 1969).

That the direction and rate of disease spread is somewhat

predictable has led to the adoption of certain experimental techniques

in disease control. These are removal of dead and dying trees and all

healthy trees within a given radius of infection centers, severing root

connections, and trenching around infested areas. Kuntz and Riker

(1950) have suggested that spread of oak wilt may be slowed or stopped
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by removing dead and dying trees, while McNew and Young (1950) have

further suggested removal of all living oaks within a 50-foot perimeter

of the infection center. The spread of P. weirii into disease free

areas was effectively stopped by trenching around infested areas

(Wallis and Buckland, 1955).

Bormann (1961) has speculated that since living stumps and

snags remain alive for many years, they possess a considerable

resistance to fungi and insects. However, in a later study Bormann

(1966) found that most roots not directly involved in the graft union

are dead. In view of this a possible explanation of resistance to fungus

attack lies in diminished root surface area of the stump or snag. As

the total surface area of the root system of a snag or stump decreases,

so do the number of receptive sites available for fungus attack.

Therefore, stumps and snags are not attacked as often by pathogens

as are plants with complete root systems, and, therefore, remain

alive. However, stumps of Douglas-fir were considered to be

important sources of inoculum of Polyporus schweintizii when root

contacts or grafts united them with healthy associated trees (Eis,

1971). The author has suggested that grafted stumps and snags may

serve as long-term transmission agents of root disease.

Important factors which influence disease spread in a forest

stand are the number of trees grafted into a complex and the number

of grafts between adjacent trees. Workers have presented evidence



that graft complexes of several trees are common (Verall and

Graham, 1935; Yli-Vakkuri, 1955). Grafting complexes have as so-

ciated with them the potential for long distance disease transmission

through several interconnected hosts. Myran (1969) found that

Polyporus schweintizii may pass through root grafts to healthy trees,

move around their root collar, and extend itself into the stand on the

remaining root system of the diseased tree.

Large graft complexes provide a large continuous energy base

for long-term pathogen survival. Poria weirii may remain viable in

stump roots for over 50 years (Buckland, Molnar and Wallis, 1954).

I addition, graft complexes of several trees should serve to intensify

disease occurrence simply because grafted trees in a complex lose

their individuality as far as disease escape is concerned. In effect, if

one member of a complex becomes diseased, the remaining members

have a higher probability o becoming affected. The number of grafts

between trees varies from one to many (Bormann and Graham;

Cameron, 1970) and should serve to assure disease transmission

through one or many of the infection pathways.
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PROCEDURES AND BASIC ASSUMPTIONS

Description of the Study Area and Construction
of the Study Area Map

The coastal Port-Orford-Cedar occurs in immature, scattered

stands intermixed with Douglas-fir (Pseudotsuga menziesii (Mirb.

Franco), western hemlock (Tsuga heterophylla (Raf. ) Sarg. ),

Sitka spruce (Picea sitchensis (Bong. ) Carr. ), red alder (Alnus

rubra Bong. , and occasionally western red cedar (Thuja plicata

Donn. ). Typical shrubs include salal (Gaultheria shallon Pursh.),

blueberry (Vaccinium spp. ) and Oregon grape (Mahonia aguifolium

Pursh.).

The study area is one of the scattered stands composed of

approximately 90 percent Port-Orford-Cedar. It is bounded on the

northwest by a small stream and on the southeast by an access road

no longer in use. The northeast boundary was arbitrarUy established

in uninterrupted forest. Since the general shape is a blunt point

directed to the southwest, the southern boundary is the rounded portion

of the tip of the point. The immediate study area comprises 2. 35

acres, excluding one excavation plot located on an adjacent hillside.

Modern history of the study area appears to have begun with

complete harvest of virgin timber 75 to 80 years ago. The area was

burned repeatedly and kept free of timber for approximately 35 years
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as pasture land. After this the area was allowed to regenerate into the

existing even-aged mixture of species with scattered cedar pockets.

In 1966 an access road was constructed into the area and it is

believed that Phytophthora lateralis was introduced at that time into

the previously disease free cedar patch. The point of introduction i,s

suspected to be at the tip of the area described above.

The field study was laid out from a center line, designated CL,

bearing N°33 E. Lettered cedar stakes and more permanent metal

stakes mark 50-foot intervals along the line. The stakes were

numbered consecutively 1-CL through 9-CL beginning in the south-

west. While standing on the center line and facing N33°E, that area

either to one's left or right is termed the left or right portion of the

study area.

From the center line at points marked by the center line stakes

and at right angles to the center line, stakes were driven to both the

right and left, again at 50-foot intervals to form a grid. The right and

left stakes were numbered and lettered so as to identify their position

relative to their "parent" center line stakes, e. g. , a designation

7L-2 locates the given stake at right angles to the center line from the

point CL-7 at a distance of 100 feet (two 50-foot intervals) in the left

portion of the area. Each stake in the study area was also identified

by its elevation as determined from the known elevation (20 feet) of

the reference stake 1-1. These elevations are not shown on the
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stakes in the field but are recorded on the study area map. The con-

tour lines were determined with a tape and abney from the known

elevation of the field stakes. The contour lines are based on 10-foot

contours.

Location of trees on the study area map (Appendix A) was a

simple but time-consuming process. A staff compass was placed at

the center of a convenient field stake and from that point the bearing,

distance and slope from the stake to the desired tree were recorded.

Since either the stake to tree distance or the difference in slope

between the stake and tree was usually small, only a few tree locations

required correction for the difference between slope-distance and the

desired straight line distance.

Port-Orford-Cedar was the only species located on the map.

Tree diameters on the map are not drawn to sc3le.

Trees were classified for mapping purposes on the basis of

visual examination of the inner bark of the tree bases and large sur-

face roots close to the bases slightly below the soil line. A given

tree was recorded on the map either as 1) living and apparently

healthy (open, clear circles) if the characteristic advancing fungus

margin was absent; 2) as dying (circles with their right halves

shaded) if displaying the characteristic advancing fungus margin in

the inner bark (Figure 1), and 3) dead (solid circles) trees which were

obviously dry and brown or totally defoliated. Dead trees always
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Figure 1. A. Portion of a root with the outer bark removed to show
the advancing fungus margin (afm). The area to the
right of the mann is necrotic. The area directly
left of the margin is uninvaded phloem. Dark
tissue further to the left is unpeeled bark.

B. A humus striver (hs) originating from a large root.
Many humus strivers, unsupported by soil, are shown
hanging below the large lateral root.
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have dry, brown inner bark which often is riddled with insect galleries.

At this late stage there is no evidence remaining of the once-present

advancing fungus margin. Confirmation of Phytophthora lateralis as

the pathogen was obtained by culturing the fungus from the advancing

margin.

The occurrence of callus on stumps and/or the presence of snags

with living bark in the lower bole indicate a species ability to graft

with its neighbors (Schultz, 1963; Graham and Bormann, 1966).

Since this thesis concerns, in part, the frequency of root grafting, it

was felt that inclusion of living snags on the map would be informative.

Root grafted snags are identified by circles with their left halves

shaded and with a diagonal line bisecting the circles.

Data concerning tree health, as indicated on the study area map,

was gathered over a period of two summers. The original map was

drafted in August, 1972. At that time the health classification

(apparently healthy, dying, dead) was determined and designated on

the map as stated above. A year later (August, 1973) each tree was

re-examined by the methods stated previously and the map was up-

dated. During the update procedure classification of a particular tree

was changed as necessary; e. g. , if a tree reported as apparently

healthy in August of 1972 was found upon examination in August of

1973 to be dying, it was reclassified as dying. Likewise, if a tree

classified as dying in 1972 was found to be dead in 1973, its classifica-

tion was changed to dead.



The new classification appears on the map as a smaU (dying)

or d (dead) either directly over or to the side of the representative

circle. If a given tree's health classification remained unchanged, no

new designation was given for 1973. A numeral placed directly after

a change of health designator (j or d) indicates that a number of

trees in a group whose health status has changed is equal to the value

of the numeral. The actual trees so changed are indicated by small

a r rows.

The data represented on the map is tabulated and examined in

determination of the general epidemiological status of the disease in

the study area.

In the summer of 1973, hydraulic excavations were made around

the root systems of groups of trees in the study area to examine

associations among trees. The limits of these excavations are shown

on the study area map by straight, unbroken lines. These excavations

are lettered and numbered consecutively Ex. 2 through Ex. 5.

Choice of Sites for Hydraulic Excavation
and Excavation Procedures

Five sites, abbreviated Ex. 1 through Ex. 5 in the text and on

the map, were chosen for hydraulic excavation. The criteria of sjte

selection were (1) presence of dying and/or dead trees near trees

which were apparently healthy; (2) moderate slope facilitating rapid
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removal of soil in relatively large quantities; (3) absence of brush arid

other tree species whose roots would hinder soil removal and later

complicate cedar root inspection.

The total area and depth of each excavation was determined

during the excavation process according to root configuration. Time

available for use of the hydraulic equipment was a primary factor in

this consideration. An effort was made to keep the information-time

ratio high.

Four of the five excavation sites (Ex. 2-5) are located in the

two-acre study area. The other site (Ex. 1) is on an adjacent hillside,

about 5 chains southwest of the main study area. Here, a solitary tree

was noted to be dying in 1972 and was dead in 1973. Ex. 1 was made

around that tree so as to include its nearest neighbors. The species

composition and other factors on this hillside are comparable to those

of the main study area. Therefore, it was felt that this excavation

would conform with the other four excavations. This case is different,

however, in that the sole dead tree represents a point of initial infec-

tion and a point source of secondary inoculum.

Root excavations were made hydraulically. A small reservoir

was provided by a dam in the creek at the culvert. The pump was a

standard portable 12-horsepower fire unit, generously loaned by the

Coos Fire Protective District. The optimum output was 40-45 gpm

with 85 lb/in2 at a 1/2 inch nozzle. Delivery was through a standard

1.5 inch fire hose.
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The hard-packed clay soil required maximum water force for

efficient removal. The abundant fine, dense, and fibrous cedar root

systems often presented a serious barrier to soil removal without

root damage. Repeated washings of certain areas were required to

remove proportionately small amounts of soil.

Damage to healthy roots by the stripping action of water under

high pressure was minimal with care. However, the periderm of

diseased roots was quickly removed by the force of the water

(Figure ZB),often facilitating interpretation of the condition of the roots.

Data Collection: Physical Parameters
Describing the Excavation Sites

For each excavation, slope arid aspect of the surface, soil

volume removed, and basal area of the cover were recorded.

Excavation boundaries were marked by stakes.

The within-excavation depths varied. Masses of fibrous roots

and/or hard-packed clay soil prevented uniform soil removal. The

depth of each excavation was determined by averaging measurements

made at several locations. A piece of twine was stretched across the

excavation parallel ,to the contours and measurements were made

from the twine to the pit floor. Several contours were extended in

this way with several measurements along each.

To provide a standard for comparisons of tree cover among

plots, diameter at breast height was recorded for all trees.
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Slope infl.iences spread of P. lateralis swarmspores. The

average slope of excavation surfaces was obtained by stringing a taut

twine parallel to the slope gradient reflecting the general drainage

pattern. The slope was read directly from the twine with a percent

Abney level. The surface area of each excavation was determined by

planimetry of the maps. This area multiplied by the average depth

equals the approximate volume of soil removed.

Construction of Maps of the Excavation Sites,

Maps were made of excavation sites bythe methods used in

constructing the study area map. Individual trees were located and

represented to scale by circles.

Each excavation was gridded with string (Figure ZA) tnto

blocks of a convenient size to meet needs at each excavation. The

grids were drawn on the skeleton maps.

Each square of the grid was examined for root and disease

features of significance. Important roots, including the entire grafted

root systems of trees in each excavation, were drawn. Some roots

not directly involved in graft unions also were included.

Once the roots were mapped, the following information was

recorded: 1) root grafts, denoted by small arrows; 2) diseased roots,

identified by stippling; 3) dead trees stippled over the entirety of their

trunk cross sections, 4) the interface between stippled and non-stippled
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Figure 2. A. Grid system used in gathering data for construction
of the soil excavation map in excavation 2.

B. The extreme degree of root association (overlap)
of adjacent trees is shown in this photograph of
soil excavation 3.
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areas representing the advancing fungus margin; and 5) the closest

approach of the fungus to a particular tree via the non-grafting root

system (delimited by either a circle or semi-circle along with the

value of 'SR" its respective radius).

Definition and Interpretation of Function of
Non- grafting (NGRS) arid Grafting

Root Systems (GRS)

The two root groups as mentioned earlier are defined as follows.

The nomenclature is mine. The non-grafting root system (NGRS) is

composed of roots of all sizes from large anchor roots to fine feeder

roots. These roots are not involved in graft unions with neighboring

trees. They are present on all trees. The grafting root system

(GRS) is composed of those roots which by grafts unite neighboring

trees. A tree may or may not have a grafting root system. Self

grafts (Figure 5, tree 8) are disregarded.

The reason for distinguishing the two systems is to account

for the ability of aquatic pathogens to spread between root systems by

motile spores thus circumventing the grafts. Spores produced on the

roots of one tree may, in wet weather, infect the feeder root tips of

another tree, grow toward the tree base through the phloem and upon

reaching the tree base girdle the main stem, killing the tree. This is

an example of spread by spores infection and vegetative growth through

the NGRS.
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Initiation of new infections is a discontinuous process over time

and is regulated by the environment. It does not occur during the warm,

dry summer. In contrast, vegetative spread between root grafted

trees probably is a continuous process, not impeded in causing

tree mortality for lack of water.

In determining the importance of root grafts in disease spread,

we must compare the relative efficiencies of discontinuous and con-

tinuous spread. The rate of vegetative growth of P. lateralis in either

the NGRS or GRS is assumed to be equal.

The root system of the trees in this study, then, are looked upon

as always having a non-grafting portion (NGRS) with the added possi-

bility of having a grafted portion (GRS).

Guidelines were established in order to assess the relative

importance of the non-grafting (NGRS) and grafting root system (GRS)

in the spread of cedar root rot. To accomplish this, each tree must

be considered individually according to the following criteria.

1) If a tree lacking GRS becomes infected, disease spread cannot

be attributed to the GRS.

Z) The advancing fungus margin must be closer to a tree's base on

its GRS than its NGRS in order to conclude that the GRS is more

important to disease spread than is the NGRS. In the reverse

case of closer approach on the NGRS, it assumes primary

importance in disease spread.
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3) In cases where the approach of the fungus margin to a trees

base is approximately equal on both systems, the NGRS is

considered more important.

4) From a point of infection, the fiingus spreads equal distances

radially along all roots grafted to the root of infection. In

situations of unequal radial spread, from what is considered a

central infection point, reinfection by zoospores at more distant

points in the continuity will be considered responsible for the

observed phenomenon.

5) The GRS will be more frequently import3nt in disease spread

upsiope and on level ground, while for trees downslope from

infection sources the NORS will be more frequently important in

disease spread.

In order to quantify the relative importance of the GRS in the

spread of root rot in the stand, the following assumption is made. If

the GRS of a. given tree is more important, the infected tree will

become symptomatic or die one year earlier than if spread was solely

on the NGRS. In effect, this states that if disease spread through the

GRS is important, the apparent infection rate (Van der Plank, 1963)

will increase when disease surveys are based on above ground symp-

toms.



Examination of the NGRS and GRS

Examinations of the non-grafting root system (NGRS) and the

grafting root system (GRS) were concurrent. In consideration of this

phase of data collection, the reader should refer to Figure 7 (p. 57 ).

The study area map will be needed also.

The position of the fungus on the GRS was first determined. The

diseased roots and the position of the fungus margin were determined

by stripping the root periderm with a knife and locating diseased

tissue and the position of the fungus margin. In the figures, diseased

tissue is noted by stippling. Root grafts are noted by small arrows,

With reference to the study area map and Figure 7, it will be seen

that tree 1 was dying in 197Z and is now dead. Based on above ground

symptoms, trees 3 and 4 appear healthy. However, the fungus margin

is located at the base of tree 3. It appears that the fungus has spread

fzom tree 1 to tree 3 via mutual root graft. The question remains, is

the proximity of the fungus at the base of tree 3 due to spread from

tree 1 by the GRS or was tree 3 infected at its base by an infected

NGRS root?

The next step was to examine the NGRS for the proximity of the

fungus and compare the proximities for each system.

The basic goal in the examination of the NGRS was to find an

infected root in that system where the fungus, as determined by the
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fungus margin, had approached closer to a tree base than the fungus

margin on the GRS.

Examination of the NGRS was as follows. Roots were located at

the base of the tree in question and examined along their length for

the fungus margin. If no margin was located, the root was classified

healthy. If the margin was found, its location was measured in feet

distant from the tree base. All exposed roots of the NGRS were

examined.

We can now return to Figure 7. Since trees 3 and 4 virtually

share the same root system, the data on the NGRS is a composite of

the observations of roots from both trees. The closest approach of the

fungus on the NORS was found to be 6 feet. This is graphically

illustrated by a semicircle with a radius "B" of 6 feet. The fungus

has approached closer to trees 3 and 4 on the GRS. From this, I

conclude that the GRS has been more important in the spread of the

disease than the NGRS.

Every effort was made to insure the accuracy of the deterrnina-

tion of the position of the fungus margin on the NGRS. When the

perimeter of the approach circle for the NGRS extended into unexca-

vated areas, the surface roots in these areas, as determined by partial

hand excavation, were examined. If the fungus margin was located

closer to a tree base in the hand excavated area than in the hydrauli-

cally excavated area, the data was changed to conform to the new

observation.
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Determination of Lateral Extension of Roots
of the Study Trees

In consideration of disease spread it would be valuable to know

how intimately roots of adjacent trees intermingle and how this degree

of association is affected by different tree spacings. After the

excavations were complete, it was apparent that roots of different

trees intermingle (Figure 2B).

During the process of examination of the NGRS, separate

measurements were taken of the maximum lateral extension of pri-

mary and secondary roots or their branches from the tree base. A

root originating at a tree base was selected. The maximum lateral

extension, in feet, was measured from the base of the tree to the tip

of the root. If upon examination of the main axis of the root in

question a branch root was seen to extend beyond the tip of the so

called main axis, the length from the tip of the branch root to the base

of the tree was recorded. The process was designed to record maxi-

mum lateral extension lengths. Generally, only healthy roots could

be used in the collection of this data. The distal ends oI diseased

roots were often too rotted to locate.

This data is a composite of the maximum extension lengths of

roots for all healthy trees in the excavation sites. Since the trees

whose roots were measured are from an even aged and uniformly

dense stand (all on one soil type), it is felt that a composite of the

root extension data represents a homogeneous sample.
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Collection of Data Used in Determination
of Root Graft Frequency

As the distance between trees increases the frequency of root

grafting between these trees should decrease. Data was collected to

determine the effect of tree to tl!ee distances on frequency of root

grafting

The tree to tree (center to center) horizontal distance between

each possible tree pair combination for each excavation was measured.

The implicit assumption is that any tree can graft with any other tree.

The number of root grafts between each tree pair combination

was recorded. The root grafts are identified in Figures 4-8 (p. 50-5 9)

by small arrows.

Recently, Roth etal. (1972) have raised the question of the

spread of the disease uphill. Since the spread downhill can easily be

accounted for by motile spore transport in groundwater (Roth et al.

1972), can uphill spread be accounted for by root grafts?

The bases of trees positioned along a slope gradient wilt be

separated by a vertical distance. This vertical distance is a function

of the horizontal distance between trees and the slope gradient

between the trees.

Vertical Distance = Horizontal Distance x Slope

because: Slope = Rise/Run

and: Horizontal Distance = Run
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therefore: Vertical Distance = Rise/Run x Run = Rise

Along with the horizontal distance for each tree pair, the slope

(measured in percent) was recorded. The slope between tree pairs

was obtained by stringing a taut section of twine between tree pairs.

The twine was fastened at points on the two trees at the bark stain

which marked the position of the original soil surface. A percent

Abney was then placed on the twine and the percent slope was read

directly. Therefore, each horizontal distance measurement was

paired with a corresponding tree pair slope measurement. When these

two measurements were multiplied, the vertical distance between the

pair of trees was obtaine&

A point of confusion may exist as to what constitutes a root

grafted tree pair, since most of the tree pairs are grafted into corn-

plexes. The following definition was used in the study. If several

trees are root grafted into a complex, the resulting root grafted tree

pairs are determined and are treated individually on the b3sis of

direct connection between the roots of individual trees. If trees A,

B, and C are root grafted into a complex, the roots of A being grafted

to the roots of B and the roots of B being grafted to the roots of C,

A and B constitute a grafted tree pair as does B and C. The tree

pair combination AC does not constitute a root grafted tree pair

because there is no direct connection between their respective roots.

An exception to this rule is taken if the roots of several trees are
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grafted at the same mutual point. In this event each tree in the corn-

plex is grafted to each other tree in the complex by a direct connec-

tion. In the example used above, AB, AC, and BC would all constitute

grafted tree pairs.

A Statistical Description of the Root Grafts

For every root grafted tree pair, the depth of the graft union in

feet below the original soil surface was measured. This was found

by stringing a taut line between the two grafted trees fastened at the

mark of the original soil line. A rod was then placed vertically on the

top of the graft union. The distance between the tip of the root graft

and line was recorded as the graft depth.

The diameter of each measurable root involved in a graft union

was recorded. The measurement was taken at a point 4 inches proxi-

mal to the union (between graft and tree). Roots not measured were

the large, main primary anchor roots. In a few cases, root grafts

occurred at the main root collar. Here, the root mass was so large

as to make measurement impractical and meaningless. An example is

the union between trees 3 and 4 in excavation four (Figure 7, p. 57).

A determination of the ages of some representative root grafts

was made. Only a few were chosen because: (1) some grafts were

very large, namely those between closely spaced trees, and (2) several

grafts were severely deteriorated, (these had become diseased sometime
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prior to the excavation). However, an effort w.s made to gather

grafts of varying sizes (Figure 9A, p. 64).

The age of an intersection graft was determined by cutting

longitudinally through the large root of the pair passing through the

point of union with the smaller root. The number of annual rings

counted from the bark pocket (the point of original union) outward to

the surface is the number of years the graft union has existed.

For longitudinal grafts a single cross-sectional cut of the union

suffices (Figure 9B, p. 64). It is not readily apparent from the

photograph, but if one counts the number of growth rings from just

to the right of the bark pocket (bp) to the left to the edge of the root,

they are 18 in number. Therefore, the union between roots 1 and 2 of

this graft complex is 18 years old.
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RESULTS AND DISCUSSION ON THE OCCURRENCE OF ROOT
GRAFTING IN CHAMAECYPARIS LAWSONIANA

General Observations

Root grafting in forest trees is common. Qraham and Borma.nn

(1966) list over 150 species including Chamaecyparis obtusa and

C. pisifera. Intraspecific root grafts in native stands of C. lawsoniana

are reported here for the first time.

Discussion of the Root System
of Port-Orford-Cedar

Root systems of the trees studied can best be described as

heterorhizic, the term defining a multiplicity of differing root types

and functions, the whole of which is the tree root system (Kozlowski,

1971). The first distinction is between the surface root system and

the depth system. The surface system is comprised of several root

types developing in the upper 30 cm of soil. The depth root system

occupies the soil at a depth greater than 30 cm.

In this study we are concerned primarily with the surface root

system because it is a spreading system which more frequently

contacts neighboring trees to form root grafts, The surface root

system is the major absorptive organ of the tree (Zimmerman and

Brown, 1971), and includes the so-called "feeder roots. " The

unlignified feeder root tips are subject to infection by Phytophthora
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species (Roth, Bynum and Nelson, 1972). Copeland (1952) found that

the majority of feeder root tips of pines invaded byP. cinnamorni

were in the upper 12 inches of soil, a further reason to concern our'

selves with the surface root system.

Kozlowski (1971) refers to a peculiar, negatively geotropic

component of the surface root system, the humus striver. We found

these abundantly in Port-Orford-Cedar arising from the spreading

surface root system and ramifying in the extreme upper portion of the

soil and in the duff above (Figure 1B). The tips of the humus strivers

are unlignified and succulent. They appear to function in absorption

and probably are subject to infection by Phytophthora.

The distribution of humus strivers in the surface root system of

Port-Orford-Cedar is uniform along the entire length of individual

roots, creating a uniformly distributed absorptive surface from just

beyond the tree trunk to the farthest extent of the surface root system.

The importance of humus strivers will be discussed in the section on

disease spread.

Data from the Soil Excavations

Excavations two through five are shown on the study area map as

they relate to the forest cover.

Figure 3, a photograph of excavation two (map, Figure 5) is

generally representative. Tree 8 (Figure 5) is out of the photograph
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Figure 3. Excavation 2 after removal of the non-grafting system.
Roots of the grafting system are painted white. Tree 8
(Figure 5) is outside the photograph to the left.
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to the left. The root collar of tree five is in the lower right, behind

the tree with the forked trunk. The grafting root system (GRS) is

painted white. However, much of this system is obscured by the fore-

ground trees of the group of four just to the right of center. The

photograph was taken near the end of the study after the non-grafting

root system (NGRS) had been removed.

Figures 4 through 8 are maps of partial root systems of study

trees in each excavation.

Numbered trees are represented by circles drawn to scale of

the tree diameters at breast height.

The entirety of the grafting root system for each tree in the

excavation sites is drawn along with minor portions of the non-grafting

root system. Root diameters are relative but are not to scale.

Locations of root grafts are denoted by small, curved arrows.

The north bearing is classically represented by a large arrow and the

letter "N. " The general direction of flow of soil water is indicated

by an arrow followed by the letter "S.

Diseased root tissue is stippled. The maximum advance toward

the base of a given tree by the fungus on its NGRS, as noted earlier,

is depicted by a circle or semi-circle of radius "R."

Physical statistics describing the excavation appear in Table 1.

Variability between excavations results from selection of sites of

different topography and density of cover to represent different areas

of a rather uniform stand.
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Figure 4. Excavation 1, located southwest of the main study area.
Tree 1 was dying in 1972 and was dead in 1973. It is
considered as the focus of initial infection. Spread by
sporulation and reinfection is considered to be more
important here than spread through the GRS.

Surface area = 530 ft2
Average excavation depth 3. 5 ft
Approximate volume of soil removed 1855 ft3
Average slope = N8cPE from tree 5 at 25 percent, as

shown by the arrow followed by "5"
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Figure 5. Excavation 2 in which trees 2 and 7 were dying in 1972
and are now dead. Disease spread on the ORS i.s con-
sidered important for tree 8. Trees 1, 2, 3, 4, and 7
became diseased by infection of their NGRS. Trees 9 and
10 are suppressed and near death. They are not diseased.
A self graft (sg) is shown on tree 8.

Surface area = 325 ft2
Average excavation depth = 1. 5 ft
Approximate volume of soil removed = 488 ft3
Average slope = N80°W from tree 8 at 25 percent, as

shown by the arrow followed by ITsII
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Figure 6. Disease spre3d by the GRS appears unimportant here in
excavation 3. Trees 3, 5, and 9 are dead. All other
trees in the site have become infected primarily through
their NGRS. All trees in this excavation site are root
grafted into a complex. Multiple root graft unions between
tree pairs are common.
Surface area = 403 ft2
Average excavation depth 2. 5 ft
Approximate volume of soil removed 1008 It3
Average slope S67°Wfrom tree 8 at 21 percent, as

shown by the arrow followed by "S'
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Figure 7. Trees 1, 5, and 6 are dead here in excavation 4.
The GRS of trees 3, 4, and 8 are considered important
in disease spread. All of the trees in this excavation
are root grafted into a complex. Multiple graft unions
are common.

Surface area = 550 ft2
Average excavation depth = 2. 0 ft
Approximate volume of soil removed 1100 ft3
Average slope =Sll°W from tree 2 at 16 percent, as

shown by the arrow followed by
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Figure 8. There were no root grafts unearthed in excavation 5.
Tree 3 was found dead in the 1972 disease survey.
Disease spread to tree 2 was through the NGRS.

Surface area = 268 ft2
Average excavation depth = 3. 0 ft
Approximate volume of soil removed = 804 ft3
Average slope =S75 E from tree 3 at 25 percent, as

shown by the arrow followed by 'TS"
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EXCAVATION 5

SCALE I I 2ft. N..



Table 1. Descriptive Statistics of the Root Excavations.

Basal Area/
Ac red'

(ft2 /acre)

Surface
Area
(ft2)

Depth of
Excavation

(ft)

Volume

(ft3)

Average Slope and
Bearing from a

Point

Excavation 1 438 530 3. 5 1855 25%; N80°E from tree 5

Excavation 2 735 325 1. 5 488 25%; N80°W from tree 8

Excavation 3 1139 403 2. 5 1008 21%; S67°W from tree 8

Excavation 4 662 550 2.0 1100 16%; S11°W from tree 2

Excavation 5 796 268 3. 0 804 25%; S75°E from tree 3

Total 2076 5255

'These figures are not intended to reflect the basal area per acre for the whole of the study area.
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Table 2 is a compiil.ation of th number of trees

number of trees with root grafts, number of tree pairs with root

grafts, and total number of root grafts contained in each excavation.

Several, general characteri,stics concerning the root grafting habit

of Port-Orford-Cedar emerge. Root grafts are common; 30 of the

36 trees (83%) examined (Table 2) had at least one mutual root graft.

Multiple root grafts (more than one root graft per tree pair) are also

common (Figures 6 and 7). In a total area containing 36 trees, 55

root grafts were unearthed. This amounts to an average of 1. 5 root

grafts per tree. Without mathematical analysis, it is apparent that

closely spaced trees form multiple root grafts more often than those

which are more widely spaced. Root graft complexes consisting of

many united trees are common. Eight of the 10 trees in excavation

two (Figure 5) are united into a large grafting complex. All of the

trees in both excavat.ons three and four (Figures 6 and 7) are united

into complexes. These complexes unite widely-spaced trees, e. g.

the distance between tree 2 and 8 in excavation four (Figure 7) is

39 feet.

The most frequent type of root graft is the intersection (Graham

and Bormann, 1966), followed by the longitudinal and bridge root

graft (Table 3). No web root grafts were found. The high frequency

of the intersection type of root graft indicates that cedar roots tend to
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Table 2. A Compilation by Excavation o the Number of Trees, Trees
with Root Grafts, Tree Pairs with Root Grafts, and Root
Grafts.

Trees with Tree Pairs with
Root 1/ RootTrees Root QraftsGrafts Grafts

(no. (no.
)

(no. ) (no.

Excavation 1 5 2 1 3

Excavation 2 10 10 20 17

Excavation 3 9 9 10 19

Excavation 4 9 9 10 16

Excavation 5 3 0 0 0

Total 36 30 31 55

"One tree may graft with more than one other, thus forming more
than one pair.



cross each other at oblique angles more frequently than to run parallel.

This is evident from the extreme entanglement of roots shown in

Figure 2B.

Table 3. Distribution of Root Grafts by Type.

Type Number Percentage

Intersection 50 90. 9

Longitudinal 3 5 5

Bridge root 2 3. 6

Total 55 100. 0

Statistical Des cripticrn of the Root Qrafts

A statistical description of the grafts appears in Table 4. Most

grafts formed within a foot of the soil surface. With the exception of

one graft at 4 feet, root grafts were not found below 2 feet. The

graft at 4 feet formed where a root from tree 2 (Figure 4) grew directly

under the base of tree 1, intersecting a sirikr root.

Diameters of the grafted roots were highly variable. They

averaged 1. 49 inches. In general, roots of similar sizes grafted

(Figure 9A). However, small roots are capable of grafting with

relatively larger roots (Figure 4, trees 1 and 2).

The ages of root grafts, as determined by dissection (Figure

9B), can be used to determine the time in stand development when
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Figure 9. A. Three root grafts of differing size and age:
A=28 years, B=l9 years, C11 years. Arrows
indicate grafted roots from different trees. The
ages of the root grafts indicate the relative times
in stand development when root grafting occurs.
Root graft A formed early in stand development,
while root graft C, the youngest found, formed
late in stand development.

B. A dissected root graft showing the method of age
determination of a graft union. Roots numbered
1 and 2 respectively are grafted. The bark
pocket (bp) indicates the point of original root
contact. Age is determined by counting the
mutual growth rings from the bark pocket to the
root edge, in this case 18.
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Table 4. Statistical Description of the Root Grafts.
Basis
No.

Average Minimum
Value

Maximum
Value

Root graft
depth (ft) 55 1. 09 0. 50 4. 00

Diameter of
grafted roots

(in. )
76 1. 49 0. 15 5. 90

Root graft
age (yrs) 12 17. 9 11 28

root grafting occurs. Closely spaced trees graft early in stand

development (Figure 7). Trees 3 and 4 virtually share the same

base. This union probably occurred within the first 10 years of

growth.

Since 83 percent of the trees in the excavation sites had at least

one root graft, the number of new graft unions forming over time

between ungrafted trees has plateaued or is declining. It is estimated

(above) that the first root grafting in the stand occurs within 10 years

between more closely spaced trees. The youngest graft found was

11 years old (Figure 9A) and was formed by trees spaced 18 feet

apart. From thts, two conclusions emerge. First, the most rapid

rate of grafting for stands similar to the study area probably lies

between 10 and 38 years (11-49) of stand development. Second, the

time, in stand development, of root graft formation is influenced by

stand density, as suggested by Graham and Bormaun (1966).
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Maximum graft formation will occur early in dense stands and later

in sparce stands.

Graham and Bormann (1966) stated that root grafting is related

to stand purity. This is consistent with the above argument. As

stand composition becomes more heterogeneous, the distances between

trees of the same species increases, decreasing the frequency and

time of root graft formation.

The Affect of Horizontal Distance between
Trees of a Pair on the Frequency

of Root Grafting

In the previous section we determined that root grafting is

affected by stand density, which is the cumulative result of the spacing

between trees. Here, we will attempt to quantify the effect of stand

density on the frequency of grafting by examination of the frequency

of grafting between trees of a pair. The objective is to find a simple

mathematical relationship to predict the frequency of grafting between

trees of a pair at a given horizontal distance.

Data was collected in the form: (Horizontal distance between

trees of a pair, Number of root graft unions between the pair). AU

tree pairs whose center to center horizontal distance fell into the

same logical 1-foot distance interval were grouped together (Table

5), e. g. , 18 trees or 9 pairs had a horizontal center to center distance

which fell in the interval 4. 1 to 5. 0 feet. The average distance



Table 5. Root Graft Frequency, Expressed as Percent of Tree Pairs
with at Least One Mutual Root Graft, over Distance between
Trees of a Pair.

Average Tree Tree
Trees Spacing Pairs Pairs

Interval within within with without Frequency
Interval Interval Grafts Grafts

(no. )
(ft) (no. ) mo. )

0.0- 1.0 No observations

1. 1- 2.0 4 1. 9 2 0 100. 0

2. 1- 3. 0 No observations

3. 1- 4.0 2 3.2 1 0 100, 0

4. 1- 5.0 18 4.6 6 3 66.6

5, 1- 6. 0 8 5.8 3 1 75. 0

6. 1- 7.0 8 6.6 2 2 50.0

7. 1- 8.0 18 7.6 6 3 66. 6

8. 1- 9.0 10 8.8 1 4 20.0

9. 1-10.0 16 9.6 3 6 37. 5

10. 1-11.0 18 10.5 2 7 22.2

11. 1-12.0 12 11.4 2 4 33. 3

12. 1-13.0 12 12. 5 0 6 0. 0

13. 1-14.0 12 13.6 0 6 0.0

14. 1-15.0 14 14, 5 1 6 14. 2

15. 1-16.0 4 15.8 0 2 0. 0

16. 1-17.0 8 16. 5 1 3 25.0

17. 1-18.0 12 17. 3 1 5 16. 0

18. 1-19.0 10 18. 5 1 4 20. 0

19. 1-20.0 6 19.6 0 3 0. 0



between the 9 tree pairs was 4. 6 feet. For the analysis, the percent-

age of tree pairs with at least one mutual root graft within the distance

interval was determined. Trees with multiple root graft unions were

treated on an equal basis as those with single root graft unions.

Multiple graft unions add nothing to the analysis. Returning to the

previous example (interval 4. 1 to 5. 0 feet), six of the iine tree pairs

had at least one mutual root graft, while the remaining three pairs

had no graft unions. Therefore, 66. 6 percent of the tree pairs withtn

the interval 4. 1 to 5. 0 feet had at Least one root graft.

The data in Table 5 was subjected to regression analysis. The

function which best described the data was found to be in the form:

Root graft frequency
f

(Average horizontal distance
between tree pairs between tree pairs

(more specifically, y = a + bx, a linear function).

The anaLysis of variance and regression equation of root graft

frequency as a function of horizontal distance between trees of a pair

are shown in TabLe 6. The regression Line (Figure 10) is highly sig-

nificant and describes 74 percent of the variation in the data. Values

calculated from the regression equation (Table 6) are shown in

Table 7.

The frequency (percent of root grafted tree pairs) of root graft-

irig between trees of a pair is a linear inverse function of the distance

between trees of a pair. As the distance between trees of a pair is

increased, the frequency of root grafting decreases.
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Table 6. Analysis of Variance and Regression of Root Graft Frequency
(percent) on the Average Distance between Trees of a Pair.

Source DF SS MS F F
05

F 01

Total 17 18673. 79 1098. 45 46. 41** 4. 45 8. 53

Regression 1 13886. 39 13886. 39

Residual 16 4787.40 299.21

Multiple correlation coefficient = 74. 36%

Associated regression equation: Y = 94. 30 - 5. 30X

**
Highly significant

Table 7. The Frequency of Root Grafting as
Calcuirated from the Regression

Equation in Figure 10 using Five-
foot Distance Intervals.

Distance between Predicted Frequercy
Tree Pairs of Root Grafting

(ft) (%)

0.0 94.3

5.0 67.8

10.0 41.2

15.0 14.8

20.0 -11.70k

'Out of the prediction range for the equation;
assumed value is zero.



Figure 10. Regression line of root graft frequency on the distance between trees of a pair.
Data points for spacing are average within interval.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Distance interval between trees of a pair (ft)
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The frequency of root grafting expressed as percent of root

grafted tree pairs may be viewed as the probability that two trees

share a mutual graft union when they are separated by a given distance.

Hence, when trees are juxtaposed the expectation (probability) that the

pair will share a mutual root graft is high. The converse is also true;

at great distances ( > 20 feet) the probability of root grafting is slight.

A word of caution is appropriate concerning the regression line

and its predictive ability (Figure 10). One has the greatest confidence

in any regression line at points around the mean of the independent

variable. As we examine extreme values of the independent variable,

our prediction value of the dependent variable becomes less good.

For the purpose intended, to show a relation between root graft

frequency and tree spacing, the linear relationship is satisfactory.
2

The data was ana.lyzed in the form y = ae' by linear regression

with logarithmic and exponential transformation. The results were

good, as the line was highly significant and had a good R2 value.

However, the resulting equation did not predict values of the depen-

dent variable near the data points. This drawback could be overcome

by sampling more excavations, thereby increasing the degrees of

freedom and decreasing the variance.

The effects of differing soil types and topography on the fre-

quency of root grafting are not known. The applicability of the linear

equation is, therefore, probably limited to similar coastal patches of

Port- Or f or d-Cedar.



73

The Effect of Vertical Distance between Trees of
a Pair on the Frequency of Root Grafting

The ability of Port-Orford-Cedar trees to graft on hillsides of

differing slopes is of interest, particularly as it relates to disease

spread uphill through root grafts. Schultz (1963) found that Douglas-

fir (Pseudotsuga menziesii) stumps callused more frequently on hilt-

sides than on level ground. Stump callusing increased with increasing

slope. However, he attributed this difference to shallow, rocky soils

on hillsides which forced increased root contact between trees, where-

as on level ground the soil was deeper, permitting deeper root pene-

tration and less frequent root cortact. The soil in the Coos County

study area was uniform, This permitted an analysis of the effect of

slope on the frequency of root grafting.

Data was collected in the form: (Horizontal distance between

tree pairs, Slope between tree pairs, Number of root grafts between

tree pairs). When the first two parameters are multiplied, the result

is the vertical height difference between the tree pair bases. The

data was analyzed in the form: (Vertical height difference between

tree pair bases, Number of root grafts per tree pair). That is:

Number of root grafts
f

(Average vertical height differ-
per tree pair ence between tree pair bases

The vertical heights between bases of trees of a pair were

grouped into 1/2 foot intervals (Table 8). The average vertical
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Table 8. The Frequency of Root Grafts (root grafts per tree pair) as
Influenced by Vertical Distance between Bases of Trees of
a Pair.

Vertical Distance Average Root Grafts Tree Pairs Root Graftsbetween Tree Vertical per per perPair Bases: Distance Interval Interval Tree PairInterval (ft) (no.
)

(no.
)

(no.
(ft)

0. 00-0. 50 0. 27 24 17 1. 41

0,51-1.00 0.77 14 17 0.82

1.01-1. 50 1. 23 10 20 0. 50

1. 51-2.00 1. 78 8 19 0,42

2. 0 1-2. 50 2. 24 0 13 0. 00

2, 5 1-3. 00 2. 79 1 16 0.06

3. 01-3. 50 3. 18 0 5 0. 00
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distance between the tree pair bases was found. The number of root

grafts per interval and the number of tree pairs per interval were

also found. The division of the former by the latter results in the

number of root grafts per tree pair. The reason for use of the num-

ber of root grafts per tree pair will become clear.

Simple linear regression was used to analyze the data. The

results of the analysis of variance and regression equation of the data

are shown in Table 9. The regression is highly significant and explains

86 percent of the variation in the data. The regression line is shown

in Figure 11.

Table 9. Analysis of Variance and Regression of Root Grafts per
Tree Pair on the Average Vertical Distance between
Tree Pairs.

DF SS MS F F FSource .05 .01

Total 6 1.61 0,26 31.59** 6.61 16.26

Regression 1 1. 39 1. 39

Residual 5 0. 22 0. 04

Multiple correlation coefficient = 86. 33%

Associated regression equation: Y = 1. 25 - 0. 45X
**Highly significant

The same cautions expressed with regard to the regression of

root graft frequency on horizontal distance apply here; i. e. , values

at the extremes should be regarded wtth caution.

The sole purpose of this analysis was to show relationship between



Figure 11. Regression line of root grafts per tree pair on vertical distance between tree
pair bases. Points are average vertical distance within interval.
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slope as expressed in the vertical differences between tree bases and

the frequency of root graft formation. This relation exists. As slope

is increased, holding horizontal distance constant, the vertical

distance (slope x horizontal distance) between trees of a pair increases

causing a decrease in the predicted number of root grafts between

trees of a pair. Conversely, if the slope is held constant and the

distance between trees of a pair increased, the vertical distance

increases with a subsequent decrease in the predicted number of root

grafts between trees of a pair.

The unit 'Troot grafts per tree pair at first seems illogical.

What is a fraction of a root graft per tree pair? This figure exists

because multiple root grafts were considered rather than jist the

presence of or absence of a root grafted tree pair. Interpretation of

Figure 11 is best achieved by example. At a vertical height difference

of 1. 5 feet we predict 0. 50 root grafts per tree pair. If there are 10

tree pairs on a slope and each pair base is separated by a vertical

height of 1. 5 feet, we would expect to find 10 tree pairs x 0. 50 root

grafts/tree pair = 5 root grafts within the 10 trees. The root grafts

are not necessarily evenly distributed, because one tree pair may have

all of the graft unions. Values of the number of expected root grafts

per tree pair for paired slope-distance combinations as calculated

from the regression equation are shown in Table 10. However, the

purpose of this analysis was simply to find a relationship between the



Table 10. The Value of the Vertical Height Difference between Bases of Trees of a Pair
and the Predicted Number of Root Grafts per Tree Pair at the Value.

Horizontal Distance
between Trees Slope between Trees of a Pair (%)

of a Pair 0 5 10 15 20 25
(ft)

0. 0 ()1 (0) (0) (0) (0) (0)
(1, 25) (1.25) (1. 25) (1. 25) (1. 25) (1. 25)

5.0 (0) (0.25) (0.50) (0.75) (1.00) (1.25)
(1. 25) (1. 14) (1. 03) (0. 92) (0. 80) (0. 56)

10.0 (0) (0.50) (1.00) (1.50) (2.00) (2.50)
(1. 25) (1. 03) (0. 80) (0. 67) (0. 35) (0. 13)

15. 0 J0) (0. 75) (1. 50) (2. 25) (3. 00) (3. 75)
(1. 25) (0. 92) (0. 67) (0. 24) * *

20.0 (0) (1.00) (2.00) (3.00) (4.00) (5.00)
(1.25) (0.80) (0.35) * * *

'Data is presented in the form: (Vertical Height Difference)
. The vertical height(Predicted no. of Root Grafts)

difference is obtained by multiplying the horizontal distance between trees of a pair in
the left column with the slope between trees of a pair as read across the top row. The
corresponding predicted number of root grafts is shown directly below as obtained from
the regression equation in Table 9.'
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frequency of root grafting and the percent slope. The value of the

regression line, except to show the above relationship, is questionable.

The conclusion drawn from this analysis is that the frequency of

root grafting between tree pairs decreases as the slope and/or distance

between the trees of the pair increases.

The Lateral Extension of Roots
around the Study Trees

This phase of the study was conducted to determine the extent of

association of roots between trees of a pair. The fact that roots of

Port-Orford-Cedar freely intermingle has been established (Figure 2B).

Data was collected to determire the maximum lengths of individual

roots of the cedar root system.

Data presented in Table 11 is a composite of 918 healthy roots

from all the study trees with healthy roots. Lengths were grouped into

1-foot intervals, e. g. , all roots whose maximum extension, as

measured from the tree bases, fell in the range 5. 1 feet to 6. 0 feet

were grouped together. There were 51 such roots with a total length

of 292. 7 feet and an average length of 5. 7 feet (Table 11). This may

be viewed as a grouping of roots whose tips fell into mutual concentric

zones each one foot wide.

The cumulative decreasing frequency of roots falling into these

zones was calculated (Table 11). For example, 100 percent of all



Table 11. Distribution of Roots around the Study Trees. Data is
Cumulative Frequencies, Expressed as the Percent of Roots
Extending into Concentric Zones, Each One-foot Wide)'

Concentric Number of Total Aver3ge Cumulative
Zone Roots Length Length DecreasLng

Interval Frequency
' ' '. '(ft) (%).

0. 0- 1. 0 30 21. 3 0. 7 100. 0
1. 1- 2.0 32 52. 1 1. 6 96. 7
2. 1- 3. 0 71 178. 2 2. 5 93. 2
3. 1- 4. 0 69 247. 5 3. 5 85. 5
4. 1- 5.0 36 163. 4 4. 5 77. 9
5. 1- 6.0 51 292. 7 5.7 74.0
6. 1- 7. 0 74 492. 8 6. 6 68. 5
7. 1- 8.0 62 464.8 7,4 60.4
8. 1- 9.0 50 431. 3 8. 6 53. 7
9. 110. 0 69 660.2 9.5 48. 2

10. 1-11.0 62 651.2 10. 5 40. 7
11. 1-12. 0 63 730. 9 11. 6 33. 9
12. 1-13. 0 73 919. 9 12. 5 27. 1
13. 1-14.0 36 489. 1 13. 5 19. 1-'
14. 1-15.0 34 494. 5 14. 5 18. 5
15. 1-16. 0 4 62.0 15.5 11. 5
16. 1-17.0 23 380. 6 16. 5 11. 1
17. 1-18.0 32 558. 9 17.4 8. 6
18. 1-19. 0 10 185. 7 18. 5 5. 1
19. 1-20. 0 16 313. 7 19. 6 4. 0
20. 1-21.0 6 123. 9 20. 6 2.2
21. 1-22.0 12 258.0 21. 5 1. 6
22. 123. 0 1 23. 0 23. 0 0. 3
23. 1-26. 0 No observations
26. 1-27. 0 1 27. 0 27. 0 0. 2
27. 1-31. 0 No observations
31. 1-32.0 1 32.0 32.0 0, 1

'Lengths in this table are a composite of healthy roots measured from
each tree (23 in number) having healthy roots.

Beyond this polnt values are best described by an exponential
function.



the roots examined extended into or beyond the concentric zone 0. 0 to

1. 0 feet; while only 68. 5 percent of the roots examined were long

enough to extend into or beyond the concentric zone 6. 1 to 7. 0 feet.

Regression analysis was applied to the data in the form

Frequency of roots extending into concentric zones one foot wide =

f (Average lengths of roots extending into the concentric zones).

The plotted data points suggested that the data be divided into

two individual regressions. A simple linear regression best describes

(predicts) the data from 0 feet to 14. 0 feet while the data from 14. 1
- bxfeet to 32. 0 feet is best described by an exponential function y = ae

which is predictive within the above limits. The analysis of variance

for each portion (linear and exponential) of the regression is in

Table 12.

The combined regression lines are presented in Figure 12.

Data points are not shown since most of these lie either on or directly

beside the regression line. The point of division between the linear

and exponential portions of the line is shown. The combined regres-

sion line, hereafter referred to as the root distribution line, repre-

sents the distribution of root lengths around the study trees and is

assumed to reflect the distribution of the roots of any given tree in

the study area.

In this stand, 98 percent of the root system lay within 20 feet

of the trunk. Thjs distribution may hold only for coastal stands of



Table 12. Analysis of Variance and Reg'ession Equations for the
Respective Linear and Exponential Portions of the Root
Distribution Line Shown in Figure 12.

Source DF SS MS F F
05

F 01

Linear Portion

Total 13 9167. 96 705. 22 282 4. 75 9 33

Regression 1 9129, 19 9129. 19

Residual 12 38, 77 3. 23

Associated regression equatior: Y = 107. 7 - 6. 37X

Multiple correlation coefficient = 99. 57%

ExDonential Portion

Total 10 5. 91 0. 591 117.
35**

5, 12 10. 56

Regression 1 5.49 5,49

Residual 9 0.42 0.04

Associated regression equation: Y = 1690e'°' 326x

Multiple correlation coefficient = 92. 87%

**
HLghly s Lgniflcarit



Figure 12. Root distribution line: a combined regression line
(linear and exponential) of decreasing cumulative fre-
quency of roots extending into concentric zones (percent).
Data is the average length of roots extending into each
zone.
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Port-Orford-Ce.dar of similar composition, density, age, and soil

type.

Simulation of the Degree of Association of Roots
between Adjacent Trees in the Study Area

Figure 2B establishes that the roots of individual trees overlap

and the distribution of roots around a tree has been modeled (Figure

12). This permits development of an elementary simulation model

which allows the calculation of the degree of association of roots of

trees at diUerent spacings.

The mechanics of the model is shown in Figure l3A and B.

If the root distribution line is presented in the form of regular

Cartesian coordinates (Figure 13A, left) with its mirror image

(Figure 13A, right), each half represents one of two juxtaposed trees.

This is possible since either the left or right halves may be rotated

around the ordinate (y-axis) to generate an equal volume distributed

around each tree. Therefore, the root distribution lines are equi-

valent; that is, the area under both curves is equal.

In order to simulate the degree of root association between two

trees, the ordinates of each graph are moved toward one another.

The ordinates represent the edge of the main stem of each tree. As

the tree graphs are moved closer together, more of their individual

root systems will overlap (Figure l3B). The area under the two curves
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Figure 13. The relative association of the root systems of adjacent
trees, achieved by simulation, in which the curve shown
in Figure 12 and its mirror image simulate the degree
(percent) of root overlap of trees at different spacings.
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'Total area under the curves is 1921 units2, and is twice the area
under one curve. The area under the exponential portion of the
curves is given by the following integration: 2[ 35. 0 1690e'° 326Xdx1

291. 7 units. The remainder (1829. 8 units ) under the linear portions
of the curve is calculated by the formulas of plane geometry.



below their point of intersection is representative of the degree of

root association between the two trees. The area under the curve is

expressed as a percent of the total area under both curves.

The process in general may further be visualized as follows

in Figure 1 4.

Figure 14. The comparability of root overlap (lower)
and the area under the intersection of the
root distribution lines.

Given two tree pairs, A and B, as represented by the circles:

1) The circles represent the root system of each tree of the tree
pair. Their radii are equal arid are equal to 20 feet.

2) The root distribution lines are shown immediately above the
circles, their ordinates (y-axis) intersecting the center of the
circles, representing the main stem of the trees.



Trees in pair A are separated by a greater distance than those

of pair B. The area bound by the intersection of the circles in pair A

is less than that area bound by the intersecting circles in pair B.

Likewise, the area under the root distribution curve for tree pair A

is less than the area under the root distribution curve for tree pair B.

The area bound by the intersection of the circles is proportional to the

area under the root distribution curves. This proportion holds, as

the distance between the circle centers is varied up to the point where

the circles rio longer intersect. Therefore, one can simulate the

degree of association of roots of two trees as the distance between

them is varied.

The simulation can only be expected to approach reality and not

to mimic it because of several drawbacks. It can be applied only to

trees on similar sites with similar stand densities, tree ages, and on

similar soil types. Stand purity can be expected to alter the simulation

because of the competitive effects of roots of different species

(Kozlowski, 1971). The roots of trees cannot be expected to be evenly

distributed around the trees as represented by circles. However, the

roots of Port-Orford-Cedar freely associate and intermingle. It is

felt, therefore, that the simulation reflects in a semi-quantitative

manner the degree of association of the roots of the study trees.

Figure 15 shows the frequency of root grafting at a given

distance compared with the simulated extent to which the root systems



Figure 15. The frequency of root grafting at a given distance (percent of tree pairs having at
least one graft) compared with the extent to which the root systems overlap (percent
by simulation) at the same distance.
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overlap. Both the frequency of root grafting and the degree of root

association between tree pairs decrease as the distance between them

increases. However, the frequency of root grafting drops at a greater

rate than the degree of root association. This difference is attributed

to the infrequency of root contact between widely spaced trees. As the

distance between trees of a pair is decreased, the frequency of root

contact between trees increases with a proportionate increase in the

number of roots which may form root graft unions.

The amount of overlap at large spacings decreases asymptoti-

cally. At 40 feet only 0. 4 percent of the surface root systems of a

tree pair is likely to overlap (Figure 15). Based on field observa-

tion it is felt that at a spacing of 40 feet most tree root systems do not

overlap or contact each other. Therefore, for this stand the extreme

limits of predictability of the root overlap simulation is placed at

40 feet.



THE IMPORTANCE OF ROOT GRAFTING IN THE
SPREAD OF CEDAR ROOT ROT

This section concerns (1) a general analysis of spread of cedar

root rot in both the soil excavation sites and in the whole study area

(the analysis is inductive in taking knowledge from the excavations

and extending it to the study area), and (2) an examination of factors

which influence root grafting and subsequently disease spread. The

concept of "was.h back' is examined in explaining upslope spread in

the absence of root grafts.

In the section on procedures, five guidelines were listed to be

generally followed in the interpretation of disease spread in the

excavation sites. They are relisted hera for quick 'reference.

1) If a given tree becomes infected and lacks a GRS, disease

spread cannot be attributed to the GRS.

2) The advancing fungus margin must be closer to a tree's base

on its GRS than its NGRS in order to conclude the GRS is more

important in disease spread relative to the NGRS. In the

opposite case of closer approach on the NGRS, it assumes

primary importance in disease spread.

3) In cases where the approach of the fungus margin to a tree's

base is approximately equal on both the NORS and GRS, the

NGRS is considered more important.
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4) From a point of infection, the fungus spreads equal distances

radially along all roots grafted to the point of infection. In

situations of unequal radial spread, from what is considered a

central infection point, reinfection by zoospores at more

distant points in the continuity will be considered responsible

for the observed phenomenon.

5) The GRS will be more frequently important in disease spread

upslope and on level ground, while for trees downslope from

infection sources the NGRS will be more frequently important

ir disease spread.

I. Analysis of Disease Spread in the Soil Excavation
Sites and the Study Area

The Location of P. lateralis on the
Root Systems of the Study Trees

In this section, frequent references will be made to Table 13

which gives (1) the closest approach, in feet, of P. lateraljs to the

base of each tree on its non-grafting root system, and (Z) the apparent

health of each tree as determined from the 1972 study area disease

survey.

Identification of P. lateralis in
Support of Field Observations

Phytophthora lateralis was consistently isolated from diseased
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Table 13. The Location of Phytophthora lateralis on the Non-grafting
Root System (NGRS) of the Study Trees.

Closest Approach to
Excavation Tree Apparent Health Tree Base by
Number Number Condition, 1972 P. lateralis

(description or(description) feet)

1 1 dying dead
1 2 healthy 2. 0
1 3 healthy healthy
1 4 healthy 1. 0
1 5 healthy healthy

2 1 healthy 3. 0
2 2 dying dead
2 3 healthy at base
2 4 healthy 2. 0
2 5 healthy healthy
2 6 healthy healthy
2 7 dying dead
2 8 healthy 6. 4

2 9 suppressed ded
2 10 suppressed dead

3 1 healthy 3. 2
3 2 heai.thy at base
3 3 dying dead
3 4 healthy 4. 9
3 5 dying dead
3 6 healthy 3. 8
3 7 healthy at base
3 8 healthy 1. 2
3 9 dying at base

4 1 dying dead
4 2 healthy 0.4
4 3&4 healthy 6.0
4 5 dying dead
4 6 dying dead
4 7 healthy 3. 1
4 8 healthy 6. 4
4 9 healthy 1. 0

5 1 healthy healthy
5 2 healthy dead
5 3 dead dead
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roots. P. cinnamomi was not identified as a pathogen in the study

area. At least one isolate from each diseased tree was examined.

Isolates are stored on corn meal agar in cu'ture tubes at the Depart-

ment of Botany and Plant Pathology at Oregon State University.

Examination of the Individual
Soil Excavation Maps

Excavation 1 (Figure 4). Tree 1 in this excavation was noted to

be dying in 1972. It is connected by three root grafts only to tree 2.

Tree 1 is considered to be the source of inoculum here, since it was

the first tree to become diseased and subsequently die.

Trees 1 and 4 lie on the same elevation contour while trees 2

and 3 lie downslope.

The fungus is spreading from tree 1 to tree 2 through the roots

connected by grafts. However, tree 2 also has been infected by spread

independently of grafts (southeast side). The most appealing explana-

tion for this phenomenon is the downhill spread in soil water of zoo-

spores with subsequent infection of the stippled roots.

By the criterion of relative position of the advancing fungus

margin on the grafting and the NORS spread of the fungus from tree I

to tree 2 through the graft unions was less important than spread by

zoos pores with subsequent infection of the NGRS.

Tree 4 also has been infected by zoos pores and since there are
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no root grafts between trees 1 and 4, spread by zoospores again has

been effective in spread of disease.

Roots infected by zoos pores in both trees 2 and 4 are downslope

from 1. Tree 5 is upslope and healthy.

Excavation 2 (Figure 5). In 1972 trees 2 and 7 were dying. All

others were apparently healthy. The general direction of soil water

movement is N80°W from tree 8, as shown.

If secondary inoculum was produced on trees 2 and 7, we would

expect to find new infections downslope, as is the case with tree 3

independently of its graft union with tree 2. Trees 9 and 10 were not

infected having died earlier from suppression. Trees 5 and 6 are

healthy.

Explanation of spread from 2 and/or 7 to trees 1 and 4 is

complicated. There are direct connections between tree 2 and trees

1 and 4, and it appears that the fungus has spread by a root graft

from tree 2 infecting 1 and 4 on their mutual root systems near the

root collars. However, the fungus has not spread from tree 2, equal

distances along the connecting grafts. Therefore, by the criterion

of equal spread rate we cannot conclude that trees 1 and 4 became

infected primarily through their ORS. Trees 1 and 4 lie downslope

from infection sources, 2 and 7. It is concluded that zoos pore infec-

tion of humus stri,vers, whose origin was the root collars of trees 1



95

and 4, accounts for the infection and that spread to these trees by

their grafted roots was of secondary importance.

Tree 8 , on the other hand, has been infected primarily by

spread of the fungus through its root graft union with tree 2. The

closest approach of the fungus to tree 8 on its NGRS was found to be

6. 4 feet as compared with . 4 foot on the ORS. Since tree 8 is upsiope

from trees 2 and 7, we would not expect zoospores to be involved.

This is an example of disease spread uphill through grafted roots,

counter to the direction of soil water movement.

Excavation 3 (Figure 6). Trees 3, 5, and 9 were found dying in

the 1972 disease survey. It is suspected that secondary inocuLum

production from infected roots of these trees was responsible for the

spotty infection pattern in this excavation. The general slope is

S67°W from tree 8 as shown.

With reference to the direction of soil water movement, trees

1 and 2 became infected midway between them. This is evidence for

the spread of the fungus along the path of soil water movement.

Trees 1, 2, 7, and 8 became infected at their respective bases

(as indicated by stippling). Root grafts are not considered important

in the spread of disease in these trees.

The closest approach of the fungus from tree 3 to the base of

tree 4 on its NGRS was found to be 4. 9 feet, while the closest approach

on the GRS is 2. 0 feet. Nevertheless, the closer approach on the GRS



of tree 4 is riot considered significant. It is noted that the fungus has

not spread equal distances within the GRS from tree 3 to tree 4 and

that tree 4 is downslope from several infection sources. Therefore,

the GRS is not considered primary in disease spread from tree 3 to

tree 4.

The fungus has spread from the infected tree 5 to the base of

tree 6. However, tree 6 also as infected independently of the root

grafts. The difference in proximity of the fungus on the GRS and

NGRS is small, so the importance of one over the other in infecting

tree 6 is doubtful.

Excavation 4 (Figure 7). Trees 2 and 9 have become infected

independently of spread through root grafts, and they are important in

demonstration of disease spread by zoospores.

The root graft complex of trees 1, 3, and 4 is of interest.

Trees 3 and 4 are considered as one since they virtually share the

same root system. The maximum approach distance of the fungus to

trees 3 and 4 on their NGRS was 6. 0 feet while the maximum approach

of the fungus on the GRS is at the base of tree 3. Since trees 1, 3,

and 4 lie on the same contour, the GRS is important here in the spread

of the disease.

Failure of the fungus to spread from tree 1 through the root

graft to the large lateral root emanating southeast from tree 4 is

explained by stress accompanying a changed environment, In 1972 the



soil was removed from around these roots in search of graft unions

and was riot replaced. The roots were exposed without ins ulatioh by

the soil for a year.

Spread from tree 6 to tree 7 on the GRS is considered relatively

unimportant. The difference in proximity of the fungus margin on the

NGRS and GRS is small (2. 0 feet) and will have little influence on

the time of tree death9
i. e. , in all likelihood, tree 7 would become

symptomatic or die in the summer of 1974.

Disease spread from the combined root systems of trees 6 and

7 to tree 8 has been primarily through the GRS. The fungus has

reached the base of tree 8 on the GRS while the maximum extent of

approach on the NGRS was 6. 4 feet. Support for the importance of

spread through grafts also comes from the relative positions of the

advancing fungus margin on the GRS. The spread from tree 6 and

tree 7 in the direction of trees 8 and 9 is approximately equal on the

various roots of the GRS. In terms of the criterion of equal spread

rate this conclusion seems justified.

While tree 8 is downslope from all other trees in the excavation

and is in the path of soil water movement and any zoospores thus

transported, spread of the disease has occurred more readily via

the GRS than the NORS. This is the only case where downslope spread

by the GRS was found to be more efficient than by the NGRS.



Excavation 5 (Figure 8). None of the trees in this excavation

have root graft unions. Therefore, grafts cannot serve in the tree to

tree spread of disease. Trees 1 and 2 are in the path of water and

zoos pore movement from tree 3, which was recorded as dead in the

1972 disease survey. It is, therefore, apparent that tree 2 became

diseased independently of spread through root grafts. No diseased

roots were found in the NGRS of tree 1 which was classified as healthy

(Table 13).

Evaluation of the Reliability of Diagnosis
by Examination of the Inner Bark
of the Tree Base

In the 1972 disease survey, based on examination of the inner

bark for the advancing fungus margin, 23 trees were listed as healthy

(Table 13). Only five of these were found to be healthy when excavated

the following year. Reliable detection of disease in the remaining 18

trees was dependent upon examination of their unearthed root systems.

Only in tree 3 of excavation two had the fungus progressed along the

root system reaching the above-ground portion of the main stern. If

a 1972 type survey had been run in 1973 only 1 out of 18 diseased

trees would have been recorded. This amounts to a 5 percent detec-

tion rate, It should therefore be apparent that examination of the

inner bark of a tree base is not sufficient to determine its health.



This type of examination allows one only to make a tentative judgment

of "apparently healthy.

Interpretation of the Epidemic in the Study
Area Based on Health of the
Trees as Mapped

Health of the mapped trees is based solely on examination of

the inner bark at the tree base. However, since this method of diag-

nosis is only 5 percent effective, 95 percent of the infected trees will

be erroneously classified as healthy. On the study area map, 258

trees were classified as healthy in 1973. Of these, 245 or 95 percent

can be expected to have undetected root infections. In view of this

one cannot, with assurance, use the study area map as an accurate

indicator of the number or location of diseased individuals.

The above findings preclude the se of rigorous mathematical

analysis of the epidemic in the study area (Van der Plank, 1963).

However, general consideration of the state of the epidemic is justi-

fied.

It is assumed that the first of the 552 individuals in the study

area became diseased in 1966, eight years ago. In 1973, 294 trees

(53. 2 percent) as surveyed were dead or dying. If 95 percent of the

remaining "healthy" trees (258 trees) are erroneously classified, we

can add another 245 trees to the dead or dying for a total of 539 root

rot affected trees. This is 67 trees per year being infected by
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P. lateralis. Clearly, the epidemic is in the far-advanced stages of

decline on this site.

In order to plot the progress of a disease, one must be able to

detect disease symptoms. The time necessary for symptom develop-

ment is termed the incubation period (Van der Plank, 1963). For

cedar root rot this period is variable and particularly dependent on

tree size, but it probably lies within the bounds of from one to three

years after initial infection for stands studied here. This is the time

necessary for growth from the infection point to the tree base render-

ing the fungus detectable, or alternatively the time necessary to kill.

Length of the period depends heavily on proximity of the infection

point to the tree base.

Length of incubation period will affect the position but not the

shape of a disease progress curve (Van der Plank, 1963). The

general inability to detect all disease in an area will shift the plot of

the progress of the epidemic to the right; 1. e. , fewer individuals per

unit of time will be recognized as diseased. Therefore, any cedar

root rot disease survey which is based on above-.ground symptoms

will underestimate the number of diseased individuals and position the

disease progress plot to the right of the real values.
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A Comparison of the Effectiveness of
Disease Spread between Trees on
Their Non-grafting and Grafting
Root Systems

The trees in the soil excavation sites can be grouped into six

categories as shown in Table 14.

Of the 36 tree total in the five excavation sites, two are

suppressed and not considered important in the analysis of disease

spread, and five are healthy (H). We will, not consider them here,

leaving a total of 29 trees.

Dead trees became infected primarily through their NGRS. This

assumption is supported by tree 1 of Figure 4 and trees 2 and 3 of

Figure 8, since none of these are grafted to an infection source. In

the case of trees 2 and 7 of Figure 5, trees 3 and 5 of Figure 6, and

trees 5 and 6 of Figure 7, we also will assume zoos pore infection as

primarily responsible for death, for all the trees displayed first

symptoms at identical times (study area map). Therefore, any one

member of a pair (taken individually) is unlikely to have served as the

source of infection for the other member. It is more likely that each

tree of each pair became infected independently and concurrently.

In the case of tree 9 of Figure 6 and tree 1 of Figure 7, we will

assume that they became infected and died independently of root grafts

with diseased neighbors.



Table 14. Health Classification of the Study Trees Based on Examination of Root Systems.
Excavation Tree Number Classification

Number 1 2 3 4 5 6 7 8 9 10 H AH D DY RGI S

1 D AH H AH H 2 2 1 0 0 0

2 AH D DY AH H H D RGIS" S 2 2 2 1 1 2

3 AM AH D AH D AH AH AH D 0 6 3 0 0 0

4 D AH RGI RGI D D AM RGI AM 0 3 3 0 3 0

5 H D D - 1 0 2 0 0 0

Totals 5 13 11 1 4 2

Grand Total 36

1'Not considered important in the consideration of disease spread.

H healthy, symptoms neither above nor below ground; AH = apparently healthy, symptoms not
apparent above ground, hidden infections on root system; D = Dead; DY = dying, inner bark of tree
base reveals infected tissue; RGI = root grafts important, root graft system is important in disease
spread, tree is diseased; S suppressed, root system is mostly deteriorated, but not infected by
P. lateralis, tree not important in root rot spread.

0
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Four trees, or 14 percent of the 29 dead or dying trees, are

considered to have become infected primarily by vegetative spread of

the fungus through their ORS. The remaining 86 percent became

diseased through j:nfectjon by zoospores independently of root grafts.

In the section on Procedures (p. 37) we adopted the assumption

that if the GRS of a tree is important in disease spread, the tree will

show above-ground symptoms or die one year early. By extension of

the results from the excavations to the total study area, we would

expect 14 percent of the newly symptomatic or newly dead trees over a

one-year period to have resulted from disease spread through their

GRS. In the 1972 survey, 263 trees were either dead or dying. One

year later, the number was 294 or a difference of 31 trees, By the

above reasoning, 14 percent of these 31 can be expected to be sympto-

matic because of disease spread through their GRS. The total per-

cent increase in disease over the one-year period is calculated as

follows: 263
100 x 100 11 percent.

294

This figure includes the four trees which became symptomatic in the

one-year period. However, let us assume that disease spread by the

GRS was not operative (spread through the NORS only) over the

period 1972 to 1973 and recalculate the percent increase in the num-

ber of symptomatic individuals for that period. If disease spread by

the GRS was not operative, four pLants (14 percent of the total of 31
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newly symptomatic plants) would not be symptomatic at the time of the

1973 disease survey. This decreases the total number of affected

individuals by 4, making the new total 290. Recalculation of the per-

cent increase in the number of symptomatic individuals is as follows:

263
100 - (100) 10 percent.

When disease spread occurs through both the NGRS and the GRS, the

number of newly symptomatic individuals (based on above-ground

disease detection) over a one-year period can be expected to be slightly

larger than if disease spread was by the NGRS alone.

The 11 percent increase in newly symptomatic individuals over

a one-year period may be partitioned into two components represent-

ing disease spread by the NGRS and the ORS. When disease spread

occurs only through the NGRS, the increase in symptomatic individuals

is 10 percent, Therefore, 10/11 x 100 = 91 percent of the disease

spread is attributed to sporulation and reinfection of the NGRS.

Disease spread on the GRS is minimal, amounting to only

9 percent of the total spread for the entire study area. Clearly,

disease spread by propagule transport is much more efficient and

rapid than vegetative fungus growth between root grafted trees. From

this we must conclude that root grafting is not an important factor in

the spread of Phytophthora root rot in the study area when compared

with disease spread by sporulation and reinfection of the NGRS.
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The GRS is, however, an important back up" system for

disease spread. Eighty-three percent of the trees in the excavation

sites are root grafted, in large complexes (Figures 6 and 7). The

fact that these complexes exist insures disease spread over time

through most of the study area in the absence of spread by sporu1atior.

In terms of infection rate, spread between trees op the NGRS is most

important. However, in terms of insured tree mortality, the GRS js

most important.

With this we wi]J. proceed to examine several factors which may

influence spread and may explain why root grafting is relatively insig-

nificant in the spread of cedar root rot. These factors are; (1) the

expected extent of root association between trees at different spacings

(stand density) as related to an hypothesis termed 'wash back", ard

(Z) the horizontaj and vertical distance between tree pairs as these

affect root grafting. Implications of this work toward disease control

also are considered.

II. Factors Influencing the Spread of Cedar Root Rot

The Degree of Root Association
and "Wash Back"

In l966 Phytophthora lateralis was introduced into the study

area. The first trees noted dying were around field stake 4R2 (study

area map), elevation 48. 2 feet. The area was left apdisturbed until
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1972. Yet in the seven'year period, 1966 to 1972, the fungus spread

rather uniformly uphill through the stand. Dead trees are noted in

the general area of center line stake 8CL, elevation 71. 7 feet.

Therefore, in the course of seven years the fungus spread over a

vertical distance of 23. 5 feet, and horizontally in all directions for

hundreds of eet,being little impeded by topography.

We have shown that disease spread between trees on their GRS

makes only a minor contribution to the epidemic in the study area,

Spread uphiLl in the excavations through the GRS was noted only in one

instance, tree 8, excavation 2. Spread of the fungus uphill through

the GRS cannot explain such a great uphill and long distance spread

pattern as noted in the study area. (study area map).

Alternative mechanisms to explain uphill spread must be con-'

sidered. Propagule transport in soil and debris by animaLs and

machines hasP been previously considered (Roth, Bynum and Nelson,

1972). In the development of an alternative hypothesis, two factors

are important: (1) the extent to which root systems intermingle

(Fig. 15, p. 88) and (2) the pattern of vegetative spread of the fungus on

the root system. It has been noted the fungus may spread toward the

base of an infected tree, reach the base, and radiate outward from the

tree on uninfected roots before the tree dies. If one visualizes the

root system as a circle, the fungus may vegetatively spread from the

point of initial infection across the diameter or chord to any point on
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the circle on the perimeter of the circle. At the perimeter, the fungus

ends its vegetative spread and fruits on the feeder root tips.

With this background the "wash back" hypothesis explaining

upslope spread is presented. Given a group of trees on a slope with

an average spacing of 20 feet, the simulated root overlap is approxi-

mately 17 percent (Figure 15). The roots of many of the trees will

overlap and be associated. If one tree of the group located downslope

from the others becomes infected, the fungus may then vegetatively

spread in its root system, eventually reaching feeder roots at the

tree's upslope limit. The roots of trees located upslope or laterally

approximately 20 feet distant from the source tree may extend down-

slope into and beyond the infected feeder root tips of the first tree

infected. When zoospores are released from the infected feeder root

tips of the source tree, they will be washed back downslope by soil

water movement and carried to the vicinity of uninfected feeder roots

of trees located upsiope to cause infections. The process then may be

repeated by vegetative fungus growth in the roots of the trees upsiope,

followed by sporulation and further wash back. This process may

take place in the total absence of root grafts and may contribute to

lateral spread as well as uphUl spread as is described dia.gram-

matically on the following page.



Dircti.on of sot],
water movement

The perimeters of circles in the diagram show the furthest

lateral extent of the root systems and the extent of overlap. Arrows

in the circles represent one of many paths of vegetative spread of the

fungus in the root systems. Lines tangent to the circles represent

expected patterns of zoos pore movement once discharged into the soil

water. P01 is the point of original infection on the source tree (ST).

HI?? indicates vegetative fung.is spread uphill with subsequent infection

from wash back in overlapping root systems. lB indicates infection

by wash back of trees whose root systems do rzot overlap. The lined
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areas in the circles indicate those areas of the root System of pre-

viously uninfected trees which may intercept released zoospores from

infected trees ups lope.

The concept of degree of root overlap or association between

trees is important in consideration of disease spread, especially on

level ground. On level ground zoos pores are discharged into

relatively still water where, in order to initiate new infectiors, they

must move on their own or be splashed to contact susceptible

root tips. The presence of tips of humus strivers evenly distributed

along the length of the spreading surface root system greatly

facilitates this spread. The ramified feeder root tips of the humus

strivers also facilitate upslope disease spread. In the study area

where disease is uniformly distributed, we invis.on a system of

intimately associated infected and healthy, but susceptible, feeder

root tips. Therefore, as we vary the distance between trees, the

degree of surface root association also varies which in turn directly

affects the degree of association between infectious and susceptible

humus strivers. In effect this mpUes that the rate of disease spread

will be greater and more intense in dense cedar stands than in stands

which are sparse.

We have assumed that the effective radius of spread of a cedar

root system is 20 feet. Therefore, the surface roots of trees spaced

at distances greater than 40 feet probably will not overlap. Allowing
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for possible error in the root overlap simulation model, disease

spread uphill by zoos pore vash back in overlapping root systems

could be checked or slowed if all trees were removed within a 50-foot

radius of an infected tree. However, care must be exercised in the

removal operation so that infective soil, or debris is not transported

by men or machines into the 'clean't areas upslope.

Horizontal and Vertical Distance
between Trees of a Pair

As stand density decreases, the average distance between the

trees increases. With increase in tree to tree distance, we expect to

find a decrease in frequency of root grafting (Figure 10). This

decrease continues until an average tree spacing of greater than 18

feet is reached. Beyond this point root grafting is minimal.

Also we have seen that disease spread between trees on their

GRS is relatively insignificant, amounting to only 9 percent of the

accountable spread in relatively dense homogeneous stands. Decreas-

ing stand density, therefore, should have the effect of further mini-

mi,zing disease spread on the GRS. In sparse or mixed stands,

disease spread through root grafts is not a significant feature of the

overall disease spread pattern.

We have seen also that as vertical distance between trees of a

pair increases, the expected number of root grafts decreases (Figure
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4). Since vertical distance between trees is a function of slope, as

the slope is increased the expected number of root grafts between

trees of a pair decreases. The general insignificance of disease

spread on the ORS when coupled with a decrease in root grafting on

steeper slopes points to the conclusion that disease spread upsl.ope in

a cedar stand is strongly limited.



112

BIBLIOGRAPHY

Atkinson, R. G. 1965. Phytophthora species inciting root rot of
Chamaecypads lawsoniana and other ornamentals in coastal
British Columbia. Canadian Journal of Botany 43: 1471-1475.

Bitancourt, A. A. and H. S. Fawcett. 1944. Statistical studies of
distribution of Psorosis-affected trees in citrus orchards.
Phytopathology 34:358-375.

Bormann, F. H. 1961. IntraspecIfic root grafting and the survival of
Eastern White Pine stumps. Forest Science 7:147-256.

Bormann, F. H. 1966. The structure, function, and ecological
significance of root grafts in Pinus strobus L. Ecological
Monographs 36:1-26.

Bormann, F. H. and B. Graham, Jr. 1959. The occurrence of
natural root grafting in Eastern White Pine, Pinus strobus L.
and its ecological implications. Ecology 40:677-691.

Boyce, J. S., Jr. 1957. Oak wilt spread and damage in the southern
Appalachians. Journal of Forestry 55:499-505.

Boyce, J. S., Jr. 1960. Distribution of Ceratocystis fagacearum in
roots of wilt-infected oaks in North Carolina. Phytopathology
50:775-776.

Bucicland, D. C., A. C. Molnar and G. W. Wallis. 1954. Yellow
laminated root rot of Douglas-fir. Canadian Journal of Botany
32:69-8 1.

Cameron, H. R. 1970. An undetermined disease of filbert. Plant
Disease Reporter 54:69-72.

Campbell, W. A, and A. F. Verrall. 1967. Phytophthora cinnamomi,
associated with Lawson Cypress mortality in Louisiana. Plant
Disease Reporter 47:808.

Childs, T. W. 1963. Poria werii root rot. PIytopathology 53:1124-
1127.

Eis, S. 1970. Natural root grafts in conifers and the effect of
grafting on tree growth in 1'tree ring't analysis with special



113

reference to Northwest America. The University of British
Columbia Faculty of Forestry, Bulletin No. 7. Vancouver.

Eis, S, 1971. Root grafts and their silvicultural implications.
Canadian Journal of Forest Research 2:111-120.

Englander, L. 1972. Growth and sporulation of Phytophthora
late ralis in vitro as influenced by the chemical and physical
envir onment. Doctoral Dis s e rtation. C orvallis, Oregon State
University. 121 numb, leaves.

Fowells, N. A. 1965. Slvics of forest trees of the United States.
U.S. Department of Agriculture Handbook No. 271. 762 p.

Graham, G. B. 1959. Root grafts in Eastern White Pine, Pinus
strobus L. : their occurrence and ecological implications.
Dissertation Abstracts 20:466-467.

Graham, B. F., Jr. and F. H. Bormann. 1966. Natural root grafts.
Botanical Review 32:25 5-292.

Henry, B. W., C. S. Moses, C. A. Richards and A. J. Rilcer. 1944.
Oak wilt: its significance, symptoms, and cause. Phytopathology
34:636-647.

Hepting, G. H. 1971. Diseases of forest and shade trees of the
United States. U. S. Department of Agriculture Forest Service.
Agriculture Handbook No. 396. 128 p.

Hine, R. B. and E. E. Trujillo. 1966. Manometrlc studies on coloni-
zation in soil by Pythium aphanidermatum and Phytophthora
parasitica. Phytopatholägy 56:334-336.

Hodges, C. S. 1969. Modes of infection and spread of Fomes annosus.
Annual Review of Phytopathology 7:247-266.

Jones, T. W. and A. D. Partridge. 1961. The importance of root
grafts in oak wilt spread in Missouri. Plant Disease Reporter
45:506-507.

Kozlowski, T. T, 1971. Growth and development of forest trees.
Vol. 1. New York, Academic Press. 443 p.

Kozlowski, T. T. 1971. Growth and development of forest trees.
Vol. 2. New York, Academic Press. 514 p.



114

Kuhiman, G. E. 1964. Survival and pathogenicty of Phytophthora
cinnamomi in several western Oregon soils. Forest Science
10:151-158.

Kuntz, J. E. and A. 3. Riker. 1950a. Oak wilt in Wisconsin.
Forestry Abstracts 12:3389.

Kuntz, J. E. and A. J. Riker. 1950b. Root grafts as a possible means
for local transmission of oak wilt. Phytopathology 40:16- 17.

Kuntz, J. E, and A. J. Riker. 1952. The translocation of poisons
between oak trees through natural root grafts. Forestry
Abstracts 13: 1208.

McNew, G. L. and R. A. Young. 1950. A study of the causal re&atipn-
ship and control of the oak wilt fungus. Forestry Abstracts
11: 1467.

Myran, D. T. 1969. Establishment, spread, and biology of Polyporus
tomentosus as an iricitant of root rot in pine and spruce planta-
tions in Wisconsin. Doctoral Dissertation. Madison, University
of Wisconsin. 146 numb. leaves.

Roth, L. F., E. 3. Trione and W. H. Ruhmann. 1957. Phytophthora
induced root rot of native Port-Orford-Cedar. Journal of
Forestry 55:294-298.

Roth, L. F., H. H. Bynum, and E. E. Nelson. 1972. Phytophthora
root rot of Port-Orford Cedar. U. S. Department of Agriculture
Forest Service. Forest Pest Leaflet 131. 7 p.

Safar, J. 1957. Natural root grafting. Its biological and economic
significance in some root relations of trees. Forestry Abstracts
18:31-32.

Salisbury, P. 3. 1955. Parasitism of Phytophthora spp. isolated
from root rots of Port-Orford Cedar in British Columbia.
Canadian Division of AgricuIture. Forest Biology Division.
Science Service. Bi-monthly progress report 11:3-4.

Satoo, T. 1973. Professor, University of Tokyo. Tokyo
University Forest, Japan,



115

Satoo, T. 1962. Natural root grafting and growth of living stumps of
Chamaecyparis obtusa. Miscellaneous information. The Tokyo
University Forests. No. 15, p. 54-60.

Schultz, R. B. 1963. Occurrence of stump callusi,ng in second-growth
Douglas-fir (Pseudotsuga menziesii (Mirb. ) Franco). Masters
thesis. Corvallis, Oregon State University. 93 numb, leaves.

Schultz, R. P. and F. W. Woods. 1967. The frequency and implica-
tions of intraspecific root grafting in Loblolly pine. Forest
Science 13:226-239.

Taso, P. H. 1969. Studies of the saprophytic behavior of Phytophthora
parasiti,ca in soil. Proceedings of the First International
Citrus Symposium 3:1221-1230.

Taso, P. H. 1970. Selective media for isolation of pathogenic fungi.
Annua' Review of Phytopathology 8:157-185.

Torgeson, D. C. 1953. Epiphytology and etiology of Phytophthora
induced root rot disease of Chamaecyparis in Oregon. Doctoral
Dissertation. Corva1ls, Oregon State College. 72 numb.
leaves.

Torgeson, D. C., R. A. Young and J. A. Mi.lbrath. 1954. Phytoph-
thora root rot diseases of Lawson Cypress and other ornamen-
tals. Agricultural Experiment Station, Oregon State College,
Corvallis. Bulletin No. 537. 18 p.

Trione, E. J. 1957. The physiology and pathology of Phytophthora
lateralis on native Chamaecyparis lawsoniana. Doctoral
Dissertation. Corvallis, Oregon State College. 117 numb.
leaves,

Trione, E. J. 1959. The pathology of Phytophthora lateralis on
native C hamaecypar is laws oniana. Phytopathology 49:306-310.

Trione, E. J. and L. F. Roth. 1957. Aerial infection of Charnaecypa-
ris by Phytophthora lateralis. Plant Disease Reporter 41:211-
215.

Tucker, C. M. and J. A. Milbrath. 1942. Root rot of Chamaecyparis
caused by a species of Phytophthora. Mycologia 34:94-103.



116

Turner, P. D. 1965. Behavior of Phytophthora palmivora in soil.
Plant Disease Reporter 49:135-137.

Van der Plank, J. E. 1963. Plant diseases; epidemics arid control.
New York, Academic Press. 349 p.

Verall, A. F. and T. W. Graham. 1935. The transmission of
Ceratostomella ulmi through root grafts. Phytopathology
25:1038-1040.

Vujicic, R. and D. Park. 1964. Behavior of Phytophthora erythro-
septica in soil. Transactions of the British Mycological
Society 47:455-458.

Wallis, G. W. and D. C. Buckland. 1955. The effect of trenching on
the spread of yellow laminated root rot of Douglas-fir. Forestry
Chronicle 3 1:356-359.

Wood, J. P. and E. P. Bachelard. 1970. Root grafting in Radiata
Pine stands in the Australian Capital Territory. Australian
Journal of Botany 18:251-259.

Yli-Vakkura, P. 1955. Studies of organic root-grafts between trees
in Pinus sylvestris stands. Forestry Abstracts 16:36-37.

Yount, W. L. 1955. Longevity of the oak wilt fungus in oak roots as
related to spread through root grafts. Plant Disease Reporter
3 9: 25 6-25 7.

Zentmeyer, G.A. and S.M. Miretich. 1966. Saprophytism and
persistence in soil of Phytophthora cinnamomi. Phytopatho].ogy
56:710-712.

Zimmerman, M. H. and C. L. Brown. 1971. Trees: structure and
function. Springer-Verlag, New York. 336 p.




