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ABSTRACT

Western gall rust caused by Endocronartium harkmessii (J. P. Moore) Y. Hiratsuka
is common on Pinus contorta Dougl. ex Loud. in western Canada. A study was conducted to
determine factors influencing rust infection and seasonal occurrence of the mycoparasite
Scytalidium uredinicola Kuhlman et al. Spore viability remained above 90% in both field
seasons indicating that pathogen viability does not limit infection. Field shoots elongated to
90%, 95%, and 100% of their final length by the third and fourth week of June, and first
week of July, respectively. Susceptibility at these stages was 100%, 60%, and less than 10%,
respectively. The decline in spore production and decrease in susceptibility combined to
reduce infection once shoots reached 90% of their final length.

The likelihood of S. uredinicola presence increased by a factor of 1.3 for each year of
growth and increased by a factor of 2.1 for each | cm increase in gall size. The incidence of
S. uredinicola was only weakly associated with rust severity in the stand. Scyralidium
uredinicola was isolated from the surface of galls and from tissues beneath the periderm
throughout the year on galls six years of age or older. Histological study confirmed the
presence of S. uredinicola in unruptured sori as early as 24 April 1994. Scyralidium
uredinicola reoccurred in the same location over 3 successive sporulating seasons from
1992 to 1994. On parasitized galls, S. uredinicola reduced rust spore germination to 5.5%.

Given that S. uredinicola is active at the beginning of the growing season when lodgepole
pine is most likely to be infected by E. harkmessii, and that it greatly reduces rust spore
viability, its potential as a biological control agent would appear quite great. However, the
weak association with rust severity in nature suggests that it may not be an important
regulating factor in the pathosystem. Further, failure to establish on young galls may be a

significant disadvantage for its use as a biological control agent.
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CHAPTER 1

A LITERATURE REVIEW OF ENDOCRONARTIUM HARKNESSII ON
PINUS AND THE

MYCOPARASITE SCYTALIDIUM UREDINICOLA



1.1 INTRODUCTION

The genus Pinus contains many species that are commercially important worldwide.
Form, versatility, wood quality, and availability are key advantages for their use in the forest
products industry. Ecologically, hard pines such as Pinus ponderosa Laws. (ponderosa pine),
P. banksiana Lamb. (Jack pine), and P. contorta Dougl. (lodgepole pine) act as pioneer
species that are vital to forest succession and reforestation. A disease that severely alters the
form and limits the full growth potential of hard pines is western gall rust caused by
Endocronartium harknessii (J. P. Moore) Y. Hiratsuka. This literature review includes a
discussion of the suscepts, importance, biology, and control of western gall rust and a review
of lodgepole pine development, periderm formation, and the mycoparasite Scyralidium
uredinicola Kuhlman et al., as an introduction to the overall investigation.
1.2 SUSCEPTS

The genus Pinus was first recognized by Virgil (70-19 B. C.) to refer to the pines in
his works Georgics and Ecloques (Abbe 1965). The genus is found in northern temperate
zones and tropical mountains world wide. Pines have been described as resinous, mostly
evergreen with a straight axis and narrow crown. Wood is soft and lightweight (Little 1980;
Little and Critchfield 1969). The bark may be furrowed into ridges or fissured into scaly
plates. Pines are monoecious, having both male and female flowers on the same tree. Male
cones are numerous, small, and clustered. Female cones are large, woody, solitary, and
composed of many flat cone scales above each bract. Two long-winged seeds typically form
at the base of the cone scale (Burns and Honkala 1990; Millar and Kinloch 1991). The
modern authorities Critchfield and Little (1969) have divided the genus into 3 subgenera, 4
sections, 15 subsections, and 94 species. The subgenus Pinus alone comprises 2 sections, 9
subsections, and 62 species (Fig. 1.1). Two groups known as ‘soft pines’ and ‘hard pines’

have been delineated based on morphological and anatomical differences.
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1.2.1 Host development

The annual growth of pine begins in spring when the apical dome of the shoot starts
to divide and elongate, as dormancy breaks. Telescoped shoots, or long shoot buds contain
cataphylls (scales), lateral branch buds, seed cones, dwarf shoots, and pollen cones, which
formed during the spring and summer of the previous year (Lanner 1976; Owens and Molder
1975). Cells formed at bud set of the previous year begin to expand and form a vegetative
shoot. In a ‘wave-like’ manner, tissue maturation begins first at the base of the long shoot,
then progresses upward to the distal end. Needle primordia push out from between the
cataphylls, and elongation of both needles and shoots is completed early in the summer
(Owens and Molder 1984; Thompson 1976).

By midsummer, basal development of axillary buds increases in the same fashion as
above, resulting in the formation of pollen cones or short shoot buds before the onset of
dormancy. This is followed by the production of either seed cones or long shoot buds. The
development of shoots and needles follows a sigmoidal pattern that can be increased or
decreased by fluctuating temperatures (Owens and Molder 1984). All shoots develop scales,
which surround the buds prior to dormancy. Sterile cataphylis that established at the end of
the growing season protect the terminal bud over the winter. This process is typical for
monocyclic buds produced on less vigorous branches in lower portions of the tree (Lanner
1976). Polycyclic buds are characterized by two or more sequences of development which
occur in the same growing season. [t is known that polycyclic buds are formed on vigorous
branches in the upper portions of the crown and may be induced by a prolonged growing
season (Owens and Molder 1984).

The vegetative shoot, or primary plant body laid down by the rising apical dome, is
initially inade up of cuticle, epidermis, cortex, primary phloem, and primary xylem
(Thompson 1976). The primary phloem and primary xylem are separated by a procambium
and are in vascular bundles. As development continues, the vascular cambium completely

encircles the stem. The vascular cambium will then account for subsequent lateral or



secondary growth throughout the life cycle of the host (Owens and Molder 1984). The first
periderm arises typically in the subepidermal layer, or occasionally in the epidermis. Sequent
periderms arise in successively deeper layers beneath the first, ultimately originating from
parenchyma of the secondary phloem, including ray cells (Esau 1977). The rhytidome
comprises the cortex, primary and secondary phloem, and older periderms that have become
separated by the last formed periderm (Trockenbrodt 1990). The seasonal development of
these tissues may influence the timing of infection and the location of galls along the shoot.
Internal differentiation and its effect on infection is poorly understood and is the topic of
Chapter 2 in this dissertation.

1.2.2 Host distribution and importance

The main commercial hard pine species found in North America are P. ponderosa, P.
banksiana, and P. contorta. Ponderosa pine is used for pattern stock, millwork, boxes,
finishing, and lumber in general construction. It is found throughout North America
interspersed with Pseudotsuga menziesii (Mirb.)Franco (Douglas-fir) and lodgepole pine
(Mullins and McKnight 1981). At low elevations (<1200 m), it grows in relatively pure
stands. Jack pine is used in construction for framing, sheathing, and scaffolding, and for
interior woodwork. As treated lumber it is used for railway ties, fence posts, and utility poles
(Collingwood and Brush 1964; Mullins and McKnight 1981). Jack pine can be found from
Nova Scotia to northern Alberta, where it grows as pure stands or is sometimes mixed with
aspen (Burns and Honkala 1990). Lodgepole pine is marketed with Picea glauca (Moench)
Voss. (white spruce) and Abies lasiocarpa (Hook.) Nutt. (alpine fir) for use as railway ties,
boxes, crates, and utility poles, and as a source of pulpwood. The tree is found in western
Alberta and the interior of British Columbia and south throughout the western U.S. to Mexico
(Wheeler and Critchfield 1985).

Other native hard pines found in North America include P. muricata D.Don. (Bishop
pine), P. radiata Don. (Monterey pine), and P. palustris Mill. (long-leaf pine). Bishop pine

is confined to the coast of California. It is valued for horticultural use in gardens and parks of



western Europe (Collingwood and Brush 1964). Monterey pine is native to three localities
along the coast of central California. It is the most widely cultivated of all the pines, with
large-scale plantations grown throughout Australia, New Zealand, and South A frica. Long-
leaf pine is native to the southeastern U.S., where its wood is highly valued. (Burns and
Honkala 1990).

Exotic hard pine species grown in North America include P. sylvestris L. (Scotch
pine), P. nigra Amold (Austrian pine), and P. mugo Turra. (Mugo pine). Scotch pine is
planted for forestry purposes in eastern North America where it is the most common of all
European pines. This tree has been successfully introduced in plantations, windbreaks, and
ornamental plantings from North Carolina to Quebec across the Lake States to Saskatchewan
(Burns and Honkala 1990). Austrian pine is a widely used exotic in North America, and in
Europe it is considered an important source of commercial timber. The tree is hardy in the
eastern U.S. as far north as New England and southern Ontario. Mugo pine is an introduced
species from central and southern Europe (Bergdahl and French 1975). Because of its shrub-
like growth, it is used in landscape and ornamental plantings in northern temperate regions
(Collingwood and Brush 1964).

Hard pines will continue to be important for satisfying global timber demand.
Canadian forests account for 18% of the world’s forest products, as well as 50% of softwood
lumber exports and 56% of newsprint exports. As the demand for these products increases,
management of this forest resource will likely become more intensive. Western gall rust has
been reported on many hard pine species, including P. ponderosa, P. banksiana, P. contorta,
P. muricata, P. radiata, P. palustris, P. sylvestris, P. nigra, and P. mugo (Fig. 1.1). Several
other pine hosts have been identified both in Canada and the U.S. by artificial inoculation
(Boyce 1957; Hiratsuka and Powell 1976). Limiting the effects of diseases such as western
gall rust should be considered in any management initiative to maximize wood production and

growth.



1.3 NAME, HISTORY AND RANGE OF ENDOCRONARTIUM HARKNESSII

Agrios (1988, pp. 276 and 451) defined a ‘rust’ as a destructive plant disease
characterized by many lesions on stems or leaves and caused by one of the fungi in the order
Uredinales. The term ‘rust’ is derived from the rusty-brown color of the uredinial stage
found in cereal rusts. Lesions are often accompanied by yellow, red, brown, or even white
powdery sori. Western gall rust is characterized by bright yellow-orange sori that are most
visible during sporulation. Infection caused by E. harknessii is easily recognized by the large
globose woody galls on susceptible hosts (Hiratsuka and Maruyama 1991; Sinclair et al.
1987).

Rusts are generally considered morphologically primitive in their evolution, probably
originating on simple hosts such as mosses and ferns during the Carboniferous Period. Endo-
cronartium harknessii likely evolved from a host-alternating (heteroecious), long-cycled rust
(Crane et al. 1995; Vogler and Bruns 1996; Vogler et al. 1996). Others have proposed that
its differentiation occurred 30 million years ago based on present host-rust affinities and host
phylogenetic histories (Millar and Kinloch 1991). Western gall rust was first reported in
1876 by H. W. Harkness from a collection found on P. ponderosa near Colfax, California
(Harkness 1884). In 1926, H. H. York coined the name *Woodgate rust’ for a collection he
made near Woodgate, New York. York’s observations led him to conclude that the rust had
been present since 1895 on some of the oldest P. sylvestris plantations in North America
(True 1938; York 1926). The ‘Woodgate rust’ and western gall rust are now considered to be
synonymous (Boyce 1957; Krebill 1970).

Western gall rust is at present restricted to the continent of North America (Arthur
and Cummins 1962; Ziller 1974). The fungus ranges across Canada southward through New
York, the Lake States, Nebraska, and northern Mexico (Anderson and French 1965; Peterson
and Jewell 1968; Ziller 1974). Endocronartium harknessii has a wide host range, on five
subsections of pine (Fig.1.1) and, compared to other stem rusts, a broad geographic

distribution, from the Pacific to the Atlantic coasts and from sea level to over 3500 m



elevation (Millar and Kinloch 1991; Peterson 1973). Though restricted to North America,
the range of E. harknessii is expected to expand with more widespread plantings of
susceptible hard pines in non-indigenous settings. Further, pine breeding programs involving
interspecific hybrids may create bridges for new genetic combinations of native rusts (Millar
and Kinloch 1991).

1.4 IMPORTANCE

Endocronartium harknessii is an important pathogen because spores produced on
pines directly infect pines without having to first infect an alternate host (autoecious). In
naturally occurring forests, mortality from western gall rust is low, though local epidemics
have been reported (Peterson 1960). In the western U.S., infections caused by E. harknessii
occur mainly in ‘wave years’ and these times of high infection can ultimately cause
considerable loss (Peterson 1971). Infections can lead to either branch or main stem galls.
Branch galls occur at a higher frequency, resulting in irregular and altered tree form. The
impact of branch galls on tree growth is negligible (Gross 1983; Hiratsuka et al. 1995; van der
Kamp er al. 1994). Galls on main stems cause structural defects, predisposing infected trees to
breakage during heavy snow and high winds. Alternatively, the host may be killed before
stand rotation by the invasion of galls by secondary organisms (Byler e al. I972a; Gross and
Myren 1994; Sinclair er al. 1987). Endocronartium harknessii may therefore be acting as a
slow thinning agent in dense natural stands of lodgepole pine (van der Kamp and Hawksworth
1985; van der Kamp 1988a).

Western gall rust is significant within intensively managed stands such as Christmas
tree plantations, tree farms, and forest tree nurseries. Pines in landscape and Christmas tree
operations may lose value because of tree stunting, witches’-brooms, and tip dieback. In New
Brunswick, a planting of Scotch pine Christmas trees had to be abandoned due to deformities
from high levels of infection (Forbes e al. 1972). In a single Christmas tree farm in Alberta
63% of the 6- to 12-year-old trees were infected with an average of 27 galls per tree (Powell

and Hiratsuka 1973). Scotch pine plantations in Pennsylvania reportedly had infection



levels of 60-75%, making the tree operation economically impractical (Merrill 1972; Merrill
and Kistler 1976).

Main stem galls on nursery seedlings can cause the stock to be unusable and can kill
infected seedlings within a few years (Hiratsuka and Powell 1976; Peterson and Walla 1986).
Mortality of infected seedlings results in lower stocking densities, reducing the effectiveness
of regeneration initiatives in logged areas. Further, main stem infections often go unnoticed
because gall formation can take up to 2 years to develop (Gross and Myren 1994; Hiratsuka
et al. 1995). Once established, infected nursery stock competes with healthy seedlings within
the stand. Carlson (1969) reported 3% infection on jack pine nursery stock grown near a
heavily infected native stand in Manitoba. Similar infection on lodgepole pine nursery stock
has also been reported for British Columbia (Doidge et al. 1991; Molnar et al. 1970).

Introduction of nonendemic rust fungi has had serious consequences. For example,
the exotic rust Cronartium ribicola J. C. Fischer ex Rabh. has severely limited the use of P.
strobus L. (eastern white pine) and P. monticola Dougl. (western white pine) as commercial
species in North America (Ziller 1963; 1974). The movement of white pine to Japan has
had similar repercussions (Yokota and Hama 1981). Similarly, recent establishment of
Canadian provenances of P. contorta in Scandinavia and the introduction of North American
P. radiata to Australia, New Zealand, and South Africa may result in severe losses should E.
harknessii become established (Martinsson 1980; Old 1981; Old et al. 1985; Old et al. 1986;
Parmeter and Newhook 1967; Scott 1960).

1.5 DISEASE SYMPTOMS

Western gall rust is characterized by globose to pear-shaped galls and to a lesser
extent by hip cankers on susceptible hosts (Gross and Myren 1994; Sinclair ez al. 1987).
Cankers are likely the result of branch galls developing adjacent to main stem galls.
Symptoms on branches and stems include stunting, witches’-brooms, and tip or leader
dieback. Immature galls may be spindle-shaped rather than globose, causing confusion with

another spindle-forming rust caused by Cronartium comandrae Pk. (Hiratsuka e al. 1995).



Needles developing beyond the center of infection frequently become chlorotic to red before
the death of the branch or stem. Substandard tree form and branch dwarfing then result in
response to leader death. Cone infections have been reported to occur on P. muricata and P.
contorta and presumably result in the formation of main stem galls (Byler and Platt 1972).

In late May to early July, powdery yellow-orange spores known as ‘aecidoiod’
teliospores (spores having morphological characters of aeciospores yet functioning as
teliospores) are produced and released from ruptured aecia on the gall surface (Hiratsuka
1969; Hiratsuka and Maruyama 1991). Sporulation begins 8 months to 2 years after the
initial infection and continues perennially until gall death. Infection takes place on succulent
tissues during the period of pine shoot elongation. First-year symptoms are typically
inconspicuous and galils do not begin to form and swell until the second year after infection.
True (1938) observed orange to brown discoloration of diseased tissue, which he assumed to
be an early symptom of the disease. Red pigmentation develops in epidermal cells of P.
contorta seedlings 14-28 days after infection with E. harknessii, but is not always a reliable
indicator of gall formation (Allen er al. 1990a and 19904; Kojwang and van der Kamp
1992). Early symptom development has been extensively studied by a number of researchers
(Allen et al. 1990a and 199056; Allen and Hiratsuka 1985; Burnes er al. 1988; Hiratsuka and
Maruyama 1983; Hoff 1986; Hopkin and Reid 1988a; Hopkin ez al. 1988; Hopkin er al.
1989; Kojwang and van der Kamp 1992).

After initial infection, swelling occurs, with branch galls enlarging as much as 1-10
cm, and main stem galls reaching diameters of 20-30 cm (Sinclair er al. 1987). Gall mortality
is often associated with squirrel feeding or invasion and inactivation by secondary organisms
(Hedgcock and Hunt 1920; Powell 1982; Powell ef al. 1972). Partial or complete necrosis of
the gall tissue results. Damaged areas fail to sporulate and branch or main stem death

ultimately may occur.
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1.6 LIFE HISTORY

Western gall rust has a reduced and simplified life cycle characterized by direct pine-
to-pine infection (Hiratsuka and Powell 1976; Ziller 1974). This differs from most other
pine stem rusts such as Cronartium ribicola and C. comandrae, which are host alternating
and have a full complement of five separate spore stages. Wind-disseminated teliospores of
E. harknessii land on developing pine shoots, and under cool humid conditions, germinate to
produce germ tubes (Powell and Morf 1966). The germ tubes can form up to three side
branches that function as basidia, directly penetrating the cuticle and epidermis. This is in
contrast to indirect penetration via stomata by C. ribicola and C. comandrae (Bergdahl and
French 1985; Hopkin er al. 1988; Patton and Johnson 1970). Infection can begin as early as
May or as late as the first part of July (Ziller 1974). However, this may be subject to
seasonal variation and successful infection may occur only during a 10-day period within
these months (Y. Hiratsuka, personal communication).

After successful penetration of the host, an intracellular infection structure is formed
from which primary hyphae grow intercellularly into the epidermis and cortex. Haustoria
form in adjacent cells (Hopkin and Reid 1988a and 1988b; Hopkin e al. 1989). Haploid
hyphae continue to proliferate throughout the cortex, reaching the vascular cambium prior
to host dormancy in the first year. The cambium is invaded from the phloem and cortex in
an inward fashion rather than by vertical or peripheral spread of hyphae (True 1938). Gall
formation is initiated by exogenous stimulation of the cambium and ray initials, causing an
increased production of ray parenchyma (Jewell et al. 1962; Peterson 1960; Zalasky 1976).
The predominant host reaction to hyphal invasion is increased cell division (hyperplasia).
Subsequent proliferation of hyphae into the developing cortex, phloem, and vascular cam-
bium accounts for increased annual growth increments until the death of the gall. During the
first 2 years the gall continues to enlarge, but does not sporulate until the third year.

Spermogonia have beer. observed early in the spring and produce a sticky ooze which

emerges from infected bark (Crane er al. 1995; Walla e al. 1991a). The spermogonia are
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considered non-functional, since there is no consistent association with developing aecia as in
other stem rusts. They are believed to be vestiges of a sexual stage lost during the recent
evolution of the fungus (Crane ez al. 1995; Vogler and Bruns 1996; Vogler et al. 1996).
Consequently, it is doubtful that spermongonia play a major role in dikaryotization, since
they are rarely produced in nature. Dikaryotization of the haploid mycelium takes place in
the outer cortex just beneath the first periderm. The dikaryotic mycelium produces telio-
spore initials early in the spring of the third year. The first few cell layers produced by the
initials make up an outer enveloping membrane of the aecium known as a peridium. The
aecia rupture from the increased production of spores beneath the peridia, leaving behind a
blister and exposing the abundant yellow-orange ‘aecidioid’ teliospores. The spores are then
passively liberated to infect newly emerging host tissue, thereby completing the life cycle.
The exact stimulus of dikaryotization is poorly understood, though it is likely triggered by
the annual initiation of host sap flow and other environmental cues. The life cycle of E.
harknessii is shown in Fig. 1.2.
1.7 CLASSIFICATION

The rusts as a group are included in the monophyletic kingdom Fungi, phylum
Basidiomycota, order Uredinales. Family designations within Uredinales are controversial
(Alexopoulos et al. 1995). The traditional families Puccinaceae and Melampsoraceae have
been supported on the basis of teliospore morphology, the former having pedicellate
teliospores, whereas the latter produce crusts or columns. Morphology of aecia and
aeciospores, peridial cells, uredinia and urediniospores, and basidia and basidiospores, as well as
known host relationships have all been used to classify hard pine stem rusts (Arthur and
Cummins 1962; Peterson and Jewell 1968; Rhoads et al. 1918; Ziller 1974). Hiratsuka and
Cummins (1963) suggested that telial states were overemphasized in earlier classification
schemes and proposed that greater emphasis be given to spermogonia. They delineated 14

families (Cummins and Hiratsuka 1983).
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Figure 1.2. Life History of Endocronartium harknessii (I. P. Moore ) Y. Hiratsuka..
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The life cycle of E. harknessii extends over 26 months, from initial infection to first sporulation.

Spiral represents gall development and internal pathogenesis. The center of the spiral is divided
into months (Hiratsuka 1973).
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The genus Endocronartium was erected to accommodate the endocyclic North
American E. harknessii and European E. pini (Pers.) Y. Hiratsuka (Hiratsuka 1969). Since
that time, two new species have been added to the genus, E. sahoanum Imazu & Kakishima
and E. yamabense (Saho & Takahashi) Paclt., both occurring in Japan (Imazu ef al. 1989;
Imazu et al. 1991a and 19915). In addition, a new Endocronartium species has been
reported from central China (Jing et al. 1995). Much debate surrounds the nomenclatural
interpretation and the endocyclic nature of the genus (Epstein and Buurlage 1988; Laundon
1976; Vogler er al. 1991; Vogler er al. 1996). Hiratsuka has since reaffirmed his contention
that karyogamy and meiosis are occurring within the spore and germ tube, respectively.
Based on these findings, preservation of the genus is valid (Hiratsuka 1973a; 1974).
Observation of synaptonemal complexes in prophase I nuclei in the germ tubes has been
confirmed (Y. Hiratsuka, personal communication) providing convincing evidence of meiosis
(Hiratsuka 1991a).

Pine stem rusts have been divided into three genera, Cronartium, Endocronartium,
and the form-genus Peridermium. At present, Cronartium has 16 validly described species,
Endocronartium has five, and the form-genus Peridermium contains 17 (Hiratsuka 1995).
Pine stem rusts and their phylogenetic relationships have been extensively investigated. As
molecular techniques are further applied, important evidence for determining relationships
within this group should be forthcoming (Hiratsuka 1995; Powers et a/. 1989; Sun er al.
1995a; 1995b; Tuskan and Walla 1989; Tuskan et al. 1990; Tuskan et al. 1991; Vogler
1995; Vogler and Bruns 1993; Vogler et al. 1996). Isozyme analysis has confirmed a strong
correlation between E. harknessii and Cronartium quercuum (Berk.) Miyabe ex Shirai., the
macrocyclic heteroecious causal agent of pine-oak rust. Two forms of banding patterns
designated zymodeme [ and zymodeme II, have been consistently observed within the genus
Endocronartium (Vogler et al. 1991). It has been suggested that zymodeme [ is a recent
immigrant to the west, probably since the last ice age, whereas zymodeme II existed during

glaciation and is presumably indigenous to the western U.S. Albino races commonly
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designated as E. harknessii may have no relationship at all to this genus and may in fact be
new species worthy of further investigation (Christenson 1969; Vogler et al. 1996; Walla et
al. 1991b).
1.8 EPIDEMIOLOGY

Endocronartium harknessii epidemics are rare events. Outbreaks result when an
intricate balance is disrupted between host, pathogen, and environment. Under optimal
conditions, a burst of infection can take place in a single season. This is known as a ‘wave
year’ of infection (Peterson 1971; van der Kamp 1988a). Following a wave year, there may
be many years when infection tapers off as the rust infections die out (Peterson and Jewell
1968). In three lodgepole pine plantations in British Columbia, a wave year was reported to
have occurred in 1990, with resultant galls detected in 1992 and spore production in 1993
(van der Kamp 1994; van der Kamp et al. 1995). The frequency and intensity of infection
depends on regional stand dynamics (i.e. slope, aspect, temperature, relative humidity, wind
speed), as well a- host distribution. In west-central Alberta, E. harknessii incidence was higher
on east-facing slopes than either north- or south-facing slopes in lodgepole pine stands older
than 15 years (Bella and Navratil 1988).

Diurnal periodicity of E. harknessii spore release has been documented (Chang e al.
1989; Peterson 1973). Spore release is correlated with light, wind speed, and relative
humidity. A build-up of spores occurs during the evening, possibly due to increased water
potential in the bark; this is followed by passive spore release during the day (Blenis e al.
1993b). Rain also may trigger the release, causing spores to clump together, dry out, and
subsequently be disseminated by wind (Chang er al. 1989). Under simulated conditions,
survival of E. harknessii spores was favored by low relative humidity (39%) and cool
temperatures (6-15°C), suggesting a strong potential for long distance dispersal (Chang and
Blenis 1989). This, coupled with variable pathogen virulence, may be particularly important
if trees are selected for resistance to local populations of E. harknessii. Infections may be

limited by spore production, spore viability, and host development. However, the relative
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importance of such factors is poorly understood and more information is needed for
developing site hazard ratings.
1.9 CONTROL

As with most plant diseases, there are few control methods capable of entirely
eliminating the pathogen. Different disease management practices have different advantages
and disadvantages. Probably the most important criterion determining the use of these
strategies is their economic feasibility. Strategies such as breeding for host resistance,
controlling planting density, spacing and thinning, identifying low-hazard sites, and chemical
and biological control may have practical application in intensively managed pine
plantations. To date, none of these have proven totally effective for controlling western
gall rust, though economic losses to this disease may be minimized under certain conditions
(Hiratsuka and Powell 1976). An integrated approach combined with an increase in the
stocking levels to offset mortality in high risk areas may afford the best management for this
disease (Hills er al. 1994; van der Kamp 1994).

1.9.1 Disease resistance

Resistance is conditioned by several internal and external factors that limit infection
(Agrios 1988). Pine trees may have immunity to the pathogen (non-host resistance),
specific genes for resistance (true resistance), or for various reasons, simply escape or
tolerate infection (apparent resistance). Anatomical changes that take place during seasonal
growth and maturation can also act as barriers to infection (Kojwang and van der Kamp
1992; Power et al. 1994; Zagory and Libby 1985). Van der Kamp and Tait (1990) have
demonstrated stable susceptibility in a natural pine population in spite of the pathogen
cycling at least 25 generations for each host generation. Natural infection levels rarely reach
epidemic proportions even when abundant infection courts and high levels of inoculum are
present in the stand. The sporadic arrival of inoculum at the infection courts and lack of
favorable climatic conditions are likely non-genetic factors which limit infection (van der

Kamp 19885;1993). There is strong evidence to suggest that some combination of the host
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