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Chapter 17

Strategies for Managing Whitebark Pine
in the Presence of White Pine Blister Rust

Raymond J. Hoff, Dennis E. Ferguson, Geral 1. McDonald,
and Robert E. Keane

Whitebark pine (Pinus albicaulis) is one of many North American white pine
species (Pinus subgenus Strobus) susceptible to the fungal disease white pine
blister rust (Cronartium ribicola) (Chapter 10). Blister rust has caused severe
mortality (often reaching nearly 100 percent) in many stands of whitebark pine
north of 45° latitude in western North America. The rust is slowly moving
south through the range of whitebark pine and other white pine species (Chap-
ters 10 and 11).

In whitebark pine, the rust typically kills the upper, cone-bearing branches
long before the tree dies, thus reducing or ending seed production and, conse-
quently, future regeneration. Whitebark pine is a keystone species that
increases biodiversity in the subalpine zone in a multitude of ways, especially
by providing seeds as a wildlife food source (Chapters 1 and 12). The loss of
whitebark pine will lower the environmental carrying capacity for many forest
animals as well as alter forest composition and distribution in the upper eleva-
tions.

One of the few options to reverse severe losses of whitebark pine to blister
rust is to increase the level of genetic resistance. Previous efforts to increase
blister rust resistance in western white pine (Pinus monticola) provide some
guidance for the process. This chapter presents information on the presence of
resistance in whitebark pine to white pine blister rust. We will use this knowl-
edge, together with knowledge about the ecology of whitebark pine and the
blister rust fungus, to propose integrated rust management strategies for restor-
ing whitebark pine communities.
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Blister Rust Susceptibility in Whitebark Pine

White pine blister rust entered North America from Europe early in the twen-
tieth century at two locations (Chapter 10). One entry point was through New
York State before 1906, when several million three-year-old seedlings of east-
ern white pine (Pinus strobus) were imported from nurseries in Europe and
outplanted at many forest sites (Spaulding 1911). Only 1 to 3 percent of these
seedlings were infected with blister rust; nonetheless, the infection gquickly took
hold in the native stands of eastern white pine (Chapter 10).

The second entry point was Vancouver, British Columbia, Canada, in 1910,
when a few hundred seedlings of eastern white pine were imported from a
nursery in France and were planted at Point Grey near Vancouver. However,
blister rust in the West was not observed until September 1921, when it was
discovered on European black currant {Ribes nigrum), one of the many species
of the genus Ribes that are obligate alternate hosts in the life cycle of blister
rust (Mielke 1943; Chapter 10). A hurried survey completed before winter
arrived revealed infection on European black currant and a few exotic white
pines throughout the lower Fraser River Valley of British Columbia. Surveys in
1922 showed that many native western white pine trees in western British
Columbia were infected, and infection of European black currant was observed
in western Washington.

The first infected whitebark pine was discovered in 1922 in the arboretum
of the University of British Columbia, Vancouver (Bedwell and Childs 1943).
In 1926, the rust was discovered on native whitebark pine near the Birkenhead
River in the Coast Range of British Columbia, 160 kilometers north of Van-
couver (Lachmund 1926). There, whitebark pine occurred in association with
western white pine, and Lachmund (1928) observed that whitebark pine
appeared to be seven to ten times more susceptible to blister rust than was
western white pine.

To further determine the relative susceptibility of western white pine and
whitebark pine to blister rust, Bedwell and Childs (1943) established study
plots of young whitebark and western white pine in natural and nursery set-
tings. The nursery plot was in the same general area where Lachmund (1928)
made his observations, but the natural stands were located in Washington,
Oregon, and Idaho. In the natural stands, where blister rust had been present
for about ten years, infection level for western white pine ranged from 0 to 70
percent, averaging 28 percent, with 0.06 cankers per 1,000 needles. Whitebark
pine infection ranged from 59 percent to 100 percent, averaging 83 percent,
with 1.22 cankers per 1,000 needles. In the nursery test, the number of cankers
per 1,000 needles for western white pine was 0.18, and for whitebark pine
1.42. Percent infection for the nursery test was not given. These results cer-
tainly confirmed Lachmund’s (1928) observation.

Furthermore, Bedwell and Childs (1943) observed that whitebark pine trees
were dying faster than western white pine because of extremely high numbers
of branch cankers. They concluded that the greater susceptibility of whitebark
pine was due in part to the longer retention time of needles (5.3 years for white-
bark versus 3.8 years for western white pine) and to the higher susceptibility of
current year’s needles. Estimation of the absolute infection rate (see Chapter 10
for definition of r} from published data (Bedwell and Childs 1943) indicates
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that whitebark pine was 4.8 times more susceptible than western white pine
west of the crest of the Cascade Mountains, but was 72.5 times more suscepti-
ble east of the Cascade crest. If whitebark pine is several times more suscepti-
ble than western white pine—as estimated by Lachmund (1926), Bedwell and
Childs (1943), and McDonald and Hoff (Chapter 10)—the survival of this
species appears bleak. However, recent data indicate that western white pine
and whitebark pine may have about equal susceptibility when density of Ribes
plants per hectare are equal (Tomback et al. 1995; Chapter 10). Although the
relative susceptibility of these two species is still unclear, it is clear that they are
both very susceptible to blister rust.

A large amount of data collected by foresters, pathologists, and geneticists
paint a bleak picture for whitebark pine (Chapter 11). The data confirm high
levels of mortality by blister rust on many sites north of 45°N latitude and an
increasing level of infection south of that line. But, there is hope that human
intervention can help save whitebark pine and restore these ecosystems.

Blister Rust Resistance

It is unusual to find 100 percent mortality from blister rust in stands of either
whitebark or western white pine (Hoff et al. 1994; Chapters 10 and 11). In
areas where blister rust has infected and killed most of the whitebark and west-
ern white pine, often one or more trees have no visible cankers, which indicates
the possibility of genetically controlled resistance to the rust. Bingham (1983)
estimated that 1 in 10,000 western white pine trees was canker-free in high-
infection areas. Then, too, even the surviving but cankered trees may have
genes for resistance to blister rust. In western white pine, the number of resist-
ant trees becomes apparent in blister rust—infected stands with an increasing
level of mortality (Hoff et al. 1976). On average, the most susceptible trees die
first. The last to die, if indeed they die, would be the most resistant. Alterna-
tively, because of nonrandom distribution of spores and/or infection microcli-
mate, blister rust epidemics may not achieve 100 percent rust incidence (Chap-
ter 10). Therefore, healthy trees may be “escapes” rather than phenotypically
resistant.

Tests for Resistance: Western White Pine

Methods for determining the level of resistance in western white pine were
worked out by Bingham et al. (1960) and later modified by Hoff and McDon-
ald (1980). Recently, a new breeding and seed orchard plan has been prepared
by Mahalovich and Eramian (2000). Methods for determining resistance levels
are reviewed by McDonald and Hoff (Chapter 10), and since they are germane
to the determination of resistance in whitebark pine, they will be briefly
described.

Breeding for resistance in western white pine started in 1950 (Bingham
1983; Chapter 10). The first major objective was to determine if the few rust-
free western white pines, growing among neighbors supporting hundreds of
cankers, had heritable rust resistance. Seeds were collected from canker-free
trees, called candidates, which were cross-bred with other candidates. Bing-
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ham’s tests included candidates from the inland range of western white pine,
that is, eastern Washington, northern Idaho, and western Montana. Seeds of
the first four progeny tests in 1952 to 1955 were sown, grown, and inoculated
with blister rust in a nursery near Spokane, Washington. The next tests in 1960
to 1970 were completed in Moscow, Idaho. Two-year-old seedlings were inoc-
ulated by suspending blister rust-infected Ribes leaves over them in the fall.
Experimental control was established by using seeds from infected trees (called
“comparison trees”) located in the same stands that contained the candidates.
The 1952 to 1955 progeny tests were divided into three units and outplanted
at three different forest sites. The 1960 to 1970 tests remained in Moscow for
the duration of the tests.

The first data tallied were the presence and the number of blister rust nee-
dle spots on the secondary needles. The needle spots were easily visible by June,
9 months after inoculation. The second data tallied were the presence of blis-
ter rust needle spots, cankers, and/or bark reactions (easily visible bark lesions
caused by the seedling attempting to kill the rust) 12 months after inoculation.
The third, fourth, and fifth data tallied were for cankers and/or bark reactions
and mortality due to blister rust 24, 36, and 48 months after inoculation.

The 1952 progeny test showed that blister rust resistance in western white
pine was inherited. Seedlings from the candidates were 17.9 percent canker-
free, whereas the comparison or control trees were 5.3 percent canker free. The
data also indicated the existence of additional underlying resistance mecha-
nisms.

Additional information from the western white pine tests changed the way
we view blister rust resistance; seedlings from surviving, cankered trees in high-
mortality stands also have resistance. This insight came from comparing the
level of resistance of the seedlings from the comparison trees in the early 1950s,
when the level of mortality of the parental stands ranged from 0 to about 15
percent, to the level of resistance of seedlings from comparison trees in the early
1960s, when the level of mortality of parental stands had increased to 80 to 90
percent. About 5.3 percent of the seedlings from the comparison trees for the
1952 to 1955 progeny tests showed blister rust resistance (Bingham et al.
1960), but for the 1964 progeny tests, it was 22.8 percent. Most important, the
resistance in the candidate trees increased to 39.3 percent (Hoff et al. 1976).
The higher resistance of the candidate trees is due, in part, to the fact that four
of the twelve pollen parents used in the breeding design had already been
selected (in the 1952 progeny test) for high resistance. It is also probable that
better candidates had been selected. Future selection of candidate trees was
relaxed to include trees with cankers, depending on the level of stand mortal-
ity from blister rust (Mahalovich and Eramian 2000). This exemplifies the high
resiliency of western white pine, probably the result of its high within-stand
genetic variation (Rehfeldt et al. 1984). In just one generation of selection by
blister rust, resistance has already achieved a useful level.

One of the cankered seedlings in the 1954 progeny test illustrates the
longevity of infected trees that must have some resistance to blister rust. This
exceptional tree was artificially inoculated in 1956 and had a canker by 1958.
In 1981 the tree was 14.7 meters tall and was 90 percent girdled by blister rust
(Hoff 1984). The tree died in 1991, having lived with a very large canker for
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33 years. The average height for trees in this same plot in 1981 was 14.3 meters
for cankered trees (12 trees remained) and 14.2 meters for canker-free trees (14
trees remained). Most of the 953 trees planted at this site had died within a few
years after inoculation, and most of the canker-free trees were moved to an
arboretum near Moscow, Idaho, by 1965. '

Tests for Resistance: Whitebark Pine

Methodology developed to determine the level of resistance in western white
pine was used for two whitebark pine tests. The purpose of the first test was to
compare the levels of resistance to blister rust among nineteen white pine
species (subsections Cembrae and Strobi) from Asia, Europe, and North Amer-
ica. In spring 1970, seeds were sown in pots arranged in randomized blocks
(replications). Two-year-old seedlings were inoculated with blister rust and
inspected annually for 3 years (Hoff et al. 1980). In prior tests when seeds of
whitebark pine were collected from the general population, whitebark pine was
ranked as the most susceptible to blister rust among white pine species (Bing-
ham 1972). But in the 1970 test, the seeds of whitebark pine came from trees
with no visible cankers in high-mortality stands (>90 percent by blister rust),
and the seeds of western white pine came from a mix of resistant candidates.
The level of canker-free seedlings of whitebark pine ranked fourth at 46 per-
cent. To our surprise, western white pine ranked fifth with 36 percent canker-
free seedlings, which showed less resistance than whitebark pine.

The second resistance test for whitebark pine was established in 1989 by R.
J. Hoff (unpublished data). The purpose of this test was to relate the level of
resistance to blister rust in whitebark pine to varying levels of mortality caused
by blister rust. Seeds from three high-mortality stands (>90 percent), three
moderate-mortality stands (40-60 percent), and three low-mortality stands
(<10 percent) were included in the test. Three years after inoculation, 44.4 per-
cent of the seedlings from the high-mortality stands were canker-free, 11.9 per-
cent from moderate-mortality stands, and 0.9% from low-mortality stands
{Table 17-1). These results together suggest that surviving whitebark pine trees
from high-mortality stands possess usable levels of heritable resistance.

Table 17-1. Rust resistance of whitebark pine (Pinus albicaulis) seedlings
three years after inoculation with white pine blister rust (Cronartium ribi-
cola). The seedlings were grown from parent stands having three levels of
mortality caused by blister rust.

NUMBER OF SEEDLINGS

Parent Spots Per BY RESISTANCE MECHANISM
Stand Number of Meter of Percent Needle  Short Bark
Mortality Seedlings Needles Not Cankered  Shed Shoot Reaction
> 90% 304 8.0 44.4 50 47 38
40-60% 134 10.2 11.9 4 7 5
<10% 226 54 0.9 1 0 1
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Resistance Mechanisms

Many mechanisms of resistance have been observed and measured in western
white pine (Table 17-2). Mahalovich and Eramian (2000) have included most
of these mechanisms in their western white pine-blister rust breeding and seed
orchard plans. At this time, tests of resistance of whitebark pine to blister rust
have not been detailed enough to determine whether all the resistance mecha-
nisms in western white pine are present. However, three main resistance mech-
anisms have been observed in whitebark pine:

1. Needle shed—characterized by the premature shedding of the needles that have
rust infections, that is, needle spots.

2. Short-shoot—seedlings with this mechanism have needle spots, but when the
fungus grows down the needle, it dies as it enters the short shoot. The short
shoot is the small, stemlike appendage at the base of the needles that holds the
five needles of a fascicle together.

3. Bark reaction—here the fungus can grow into the stem, but it soon dies after
being walled off by special cortex cells in the bark, which becomes visible on
the surface of the stem as lesions.

In one test of whitebark pine, needle shed was the most common resistance
mechanism observed (Hoff et al. 1980). Although this trait also occurred in all

Table 17-2. Defense mechanisms against white pine blister rust
(Cronartium ribicola) observed in western white pine (Pinus mon-
ticola).

Defense Symptom Possible Inheritance

Resistance in secondary needles to a Recessive gene

yellow-spot forming race.

Resistance in secondary needles to a Dominant gene

red-spot forming race.

Resistance in secondary needles to Dominant gene

yellow-green-island spot forming race.
Resistance in secondary needles to Dominant gene

red-green-istand spot forming race.

Resistance in secondary needles that Unknown

prevents spot formation.

Reduced frequency of secondary needle Nondominant gene
infections.

Slow fungus growth in secondary needles. Polygenic

Premature shedding of infected secondary  Recessive gene
needles

Fungicidal reaction in the short-shoot. Recessive gene
Fungicidal reaction in the stem. Polygenic
Slow fungus growth in the stem. Polygenic

Tolerance. Polygenic
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other pines showing resistance, it was highest in frequency in whitebark pine.
The short-shoot and bark reactions that were the most prevalent resistance
mechanisms in the other pines occurred only at a moderate level in whitebark
pine. In a 1989 test (R. J. Hoff, unpublished data), the three main resistance
mechanisms were about equal in number (Table 17-1).

There are other noteworthy observations from the whitebark pine resist-
ance tests (Hoff et al. 1980; R. J. Hoff, unpublished data). First, some seedlings
had huge cankers but did not die until the fourth year after inoculation. Sec-
ond, cankers in some seedlings grew very slowly, so that these seedlings were
still alive five years after inoculation. These observations are signs of two addi-
tional resistance mechanisms—*tolerance” and “slow canker growth.” If we
could breed for these and other resistance mechanisms, the resulting new vari-
ety of whitebark pine should provide the level of resistance needed to maintain
itself in the presence of blister rust.

McDonald and Dekker-Robertson (1998) and McDonald and Hoff (Chap-
ter 10) argue that all resistance mechanisms thus far observed in Idaho western
white pine and whitebark pine fall into the category of horizontal resistance,
so-called because when a variety of pine is tested against several different races
of the rust, the histograms for proportion infected are equal, although they can
vary from near 0 to 1 (Zadoks 1972). This terminology comes from agriculture
(Van der Plank 1968; Simmonds 1991), where horizontal resistance factors are
usually controlled by minor genes that can be overcome by more aggressive
races of rust, although this may take a long time. Mortality typically remains
low. Horizontal resistance contrasts sharply with vertical resistance, because
when a vertically resistant variety is tested against various races of the rust, the
histograms for proportion infected are either 1 or 0. Vertical resistance is nearly
always controlled by major dominant genes and is usually (almost invariably)
overcome by new races of rust, often within five years or so, rendering the vari-
eties completely susceptible. Mortality is rapid. For example, a dominant gene
for resistance to blister rust was found in sugar pine (Pinus lambertiana) (Kin-
loch et al. 1970), but it was soon overcome by a new race of blister rust (Kin-
loch and Comstock 1981; Chapter 10).

Management Strategies

It appears that whitebark pine may have stable horizontal resistance to blister
rust. The next step is to use one or more strategies to incorporate the resistance
genes into future generations of whitebark pine. The discussion that follows
provides ideas for managing whitebark pine in restoration efforts. Appropriate
management actions will depend on factors such as site conditions, history of
blister rust infection, potential for insect outbreaks, landscape considerations,
and landowner objectives. Most of these management activities are doubly
beneficial because they can increase rust resistance while restoring whitebark
pine communities.

Seed Collection

Whitebark pine seeds must be collected for gene conservation, planting, and for
use in any rust-resistance breeding program. Protection of maturing cones is a
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major consideration because of seed losses to pine squirrels (Tamiasciurus spp.)
and Clark’s nutcrackers (Nucifraga columbiana). Squirrels and nutcrackers can
harvest every cone and seed from whitebark pine trees, especially in stands
where cone crops are reduced by blister rust. The best strategy is to collect
cones whenever there is a good seed crop, and harvest cones from many stands
so they can be stored and used when needed. Details of cone and seed collec-
tion are summarized by Burr et al. (Chapter 16).

Blister rust-resistance levels in seeds will be higher if cones are collected
only from remnant trees that have no cankers, because they probably have the
highest resistance in the stand (although some of these isolated trees could be
escapes rather than resistant [Chapter 10]). These remnant trees are probably
widely scattered and would definitely require the use of wire mesh bags to pro-
tect maturing cones from squirrels and nutcrackers. Because of the expected
higher levels of resistance, this alternative may be worth the effort.

A better alternative, in terms of levels of resistance, would be to collect
pollen from many canker-free or lightly cankered trees (i.e., trees that are
apparently rust resistant found in stands having more than 90 percent rust-
caused mortality) and artificially pollinate other canker-free or lightly cankered
trees. This would require that pollination bags be placed over the strobili
(female cones) before they become receptive, artificially pollinating them,
removing the pollination bag, and using wire mesh bags to protect developing
cones. Each tree would need to be climbed five times to complete the process.
Whereas this is a good procedure for research purposes, the process is expen-
sive and probably not very practical.

Seed Transfer

Most plant species vary genetically across environmental gradients. If plant
material (seedlings, pollen, seeds, or clones) is transported too far, there is dan-
ger of plants being maladapted to their new environment. Plans to transfer
whitebark pine seeds or seedlings from one site to another must avoid making
transfers that are genetically maladapted. That is, we must know if there are
genetic differences within whitebark pine from one stand to another, or from
one mountain range to another, that control adaptive traits. If there are no dif-
ferences, plant materials could be transferred throughout the range of white-
bark pine. If there are differences, where do we draw the boundaries between
populations within species?

Several researchers have evaluated genetic variation among populations of
whitebark pine using allozymes (Jorgenson and Hamrick 1997; Bruederle et al.
1998; Chapter 8). So far, the results indicate that most of the variation is within
populations and that the variation among populations is small and not limit-
ing. More useful are tests that relate survival traits—such as growth, frost har-
diness, drought hardiness, and pest resistance—with various aspects of the
environment such as latitude, longitude, elevation, and habitat. Whereas the
Rocky Mountain Research Station has initiated seed transfer studies for white-
bark pine (Chapter 15), we cannot wait for conclusions, which are some years
off, and instead must consider alternatives based on what we now know.

Recent summaries and reworking of genetic data indicate that more liberal
seed transfer guidelines can be established, because conifers in general have
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high amounts of genetic variation (see also Chapter 15). Genetic variation
among populations is nearly always detected, but genetic variation within pop-
ulations is nearly always greater (Hamrick et al. 1994; Rehfeldt 1994; Mitton
1995; Bruederle et al. 1998). The degree of differentiation among conifer pop-
ulations has turned out to be quite variable. For example, significant genetic
differences occur over short elevational gradients among populations of inte-
rior Douglas-fir (Pseudotsuga menziesii) (Rehfeldt 1989), lodgepole pine
(Pinus contorta) (Rehfeldt 1988), ponderosa pine (Pinus ponderosa) (Rehfeldt
1991), and western larch (Larix occidentalis) (Rehfeldt 1982), but not among
populations of western white pine (Rehfeldt et al. 1984). Genetic variation
within populations of most western conifers is so high that, even if many of the
seedlings are not adapted to the site, there will be seedlings within the mix that
are adapted. Conversely, some of the seedlings from an on-site population will
not be adapted to that specific site.

Another argument for liberal seed transfer guidelines is the short growing
season at high elevations. Frost-free periods decrease by ninety days for every
1,000 meters in elevation gain (Baker 1944). For several conifers, increasing
elevation increases the size of population differentiation intervals. For example,
for Douglas-fir below 1,000 meters elevation, the population boundary is 200
meters; between 1,000 meters and 1,525 meters, it is 350 meters; and above
2,000, meters differentiation is not detected (Rehfeldt 1989). The conclusion
for high-elevation Douglas-fir is that either genetic variability has been
exhausted (Douglas-fir is genetically homogeneous at high elevations) or the
environment is homogeneously severe (the frost-free period is very short, less
than twenty days at timberline) and much further decrease in the growing sea-
son would end the range of Douglas-fir.

Recent research results for lodgepole pine show that populations within this
species grow in suboptimal environments because adjacent populations of
lodgepole pine outcompete them for space (Rehfeldt et al. 1999). The amount
of space supplanted depends upon the breadth of lodgepole pine’s fundamen-
tal niche (Hutchinson 1958). Therefore, if survival and growth are the desired
traits for seed transfer, the populations with the fastest growth coupled with
adequate survival traits would be selected. On the other hand, if survival is the
only trait that is selected, the area where populations would be adapted is
much broader. We think that the populations of whitebark pine are not
strongly differentiated because selection has been mainly for survival and seed
production.

Four main factors support broad transfer rules for whitebark pine. First, the
environment over the range of whitebark pine is so uniformly severe that the
genetic structure among populations, even populations separated by long dis-
tances, will likely be similar. The species is restricted at its upper elevations by
the most severe climatic conditions and at the lower elevations by competition
from other tree species (Chapter 3). Second, many whitebark pine germinants
survive the hot, dry conditions resulting from a site that has been burned.
Third, whitebark pine trees can tolerate summer frost that would kill or
severely damage other tree species (Chapters 1 and 3). Fourth, whitebark pine
seeds are bird-dispersed. Gene flow of bird-dispersed seeds is faster and farther
than that of wind-dispersed seed; Clark’s nutcrackers have been observed
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transporting pine seeds up to 22 kilometers and 12 kilometers or farther for
whitebark pine specifically (Tomback and Linhart 1990; Bruederle et al: 1998;
Chapter 5). Seeds dispersed by wind for species sqch as western white pine :(md
Douglas-fir travel only 100 meters or so, dependfng upon wmd‘ speed (V‘V_rxght
1976). Estimated gene flow or populations of limber pine (Pinus flexilis), a
bird-dispersed pine, separated by 1,700 meters, averaged 11.1 migrants {genes)
per generation (Schuster et al. 1989). The gene pools of bird-dispersed sged,
even at long distances, are more likely to be mixed than are gene pools of wind-
dispersed seed. _ .

Therefore, we propose relatively broad transfer rules for wbxtebark pine
with certain limitations (USDA Forest Service 1999; Mahalovich and Hoff
2000). The most important limit is to restrict transfers. with respect to blister
rust mortality. First, transfer should be only among high-mortality stands or
from high mortality to moderate or low mortality, 'and never from low to
high mortality. Second, transfer should only be thhn} those sites for wl}lch
whitebark pine restoration is possible or needed, that is, no need to consider
krummholz environments. We may be able to grow whitebark.pme at 10\_¢v
elevations with protection from insects or discase and with periodic
cleaning and weeding. This would be useful in speeding up growth and seed
production. . ‘

We propose the following transfer rules: In the inland mountains of the
United States and Canada, land managers should transfer whltebark pine plant
material (seed, seedlings, pollen, or clones) no farther t,han' 80 kilometers from
the point of origin (USDA Forest Service 1999; Mahalovich and Hoff 2000).
At this time we propose no restrictions on elevation transfer.

Gene Conservation

There are a number of important reasons to consider gene copservation as an
integral part of managing whitebark pine. If whitebark pine Qopulanons
became locally extinct or severely depleted, there should be alternative ways to
reestablish populations. Establishment of seed banks should b_e strongly con-
sidered. Whitebark pine seeds can be collected from several different regions
and stored in freezers, following recommendations from Burr et al. (Chapter
16). However, fresh seeds have higher germination success than stored seeds; in
fact, seeds stored in freezers lose viability over time (McCaughey 1994; Chap-
ter 16). '
Est)ablishment of gene banks is also important. Seedlings from various
whitebark pine sites could be planted in low fire- or rust-hazard areas. Then,
genetically adapted seeds, pollen, or clones are availab'le to refprest sites. An
advantage of gene banks over stored seeds is that genetic material can be pro-
duced indefinitely from gene banks. o _
Another management treatment to consider is protecting individual v?hl.te-
bark pines that are apparently resistant to blister rust. Many of these existing
trees are in danger of being crowded out by succession to more shafie-tolerar}t
Engelmann spruce (Picea engelmannii) and subalpine fir (Abies lasiocarpa) in
the Inland Northwest. Wildfires are also a threat. Individual trees can be pro-
tected by thinning back encroaching competition and moving the debris away
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from trees. Reduced competition should allow whitebark pine to live longer
with less stress, grow faster, have fuller crowns, and produce larger cone crops.

Protection of whitebark pine forests from wildfire and mountain pine bee-
tle (Dendroctonus ponderosae) epidemics that originate in lower-elevation
forests requires a landscape perspective. Both wildfire and beetles can sweep
upward and kill the few remaining rust-resistant whitebark pine. Therefore,
management of whitebark pine forests needs to be considered at the landscape
level (see Chapter 14).

Opehings in the Forest Canopy

Historically, periodic wildfires in the interior northwestern United States and
southwestern Canada helped maintain whitebark pine communities by creating
openings in the forest canopy and returning successionally advanced commu-
nities to earlier seral stages, where whitebark pine was an important compo-
nent (Chapter 4). Clark’s nutcrackers cache seeds in newly created openings,
and caches that are not later retrieved for food by nutcrackers germinate and
establish whitebark pine seedlings (Hutchins and Lanner 1982; Tomback 1982;
Chapter 5). Openings must be large enough to allow enough sunlight to reach
the forest floor, so that whitebark pine germinants can survive and grow.

Fire exclusion practices in the twentieth century have drastically reduced
both the number of fires and the area burned, resulting in replacement of
whitebark pine with shade-tolerant conifers (Chapters 1, 4, and 9). Today, we
need to use fire as a restoration tool (see also Chapter 18).

Restoration may be accomplished through controlled prescribed burns,
although wildfires could also become controlled burns, especially in national
parks and wilderness areas. However, the use of fire in whitebark pine com-
munities has limitations because of abruptly changing weather, scattered fuels,
and short growing seasons (Chapter 18). In addition, increasing human popu-
lations near forested lands and undesirable smoke pollution may place limits
on the use of fire (Chapter 1). The advantage of fire in whitebark pine com-
munities is that it removes competing trees and shrubs at a reasonable cost
(Keane et al. 1989; Chapter 18); the risk is that rust-resistant trees will be inad-
vertently killed. Rare whitebark pine trees that remain free of blister rust
should be protected.

An alternative to fire is to create openings in the forest canopy, primarily by
harvesting trees. Results obtained by manual, silvicultural methods are more
precise than fire, but are more costly and may require access for equipment.
Proceeds from harvesting can pay for treatments in some situations. Openings
created by harvesting, whether burned or not, are used by nutcrackers for
caching whitebark pine seeds (Chapter 5).

Natural Regeneration

The easiest and least costly method to increase the proportion of rust-resistant
genes in whitebark pine populations would be to apply a seedtree silvicultural
system that utilizes apparently rust-resistant whitebark pine trees as the seed
source. Clark’s nutcrackers cache seeds in openings, effectively “planting” a
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new stand of whitebark pine seedlings (Tomback 1982; Chapter 5). Natural
selection will favor the survival of rust-resistant trees for both seed-bearing
trees and their progeny. The process is initiated by selecting sites that have high
mortality caused by blister rust, because the seeds of surviving trees would
likely contain rust-resistant genes. Site preparation can reduce competition and
attract nutcrackers.

A major consideration with natural regeneration is inbreeding depression.
In most conifers, perhaps all, trees that are crossed with themselves or close rel-
atives produce seedlings that grow slower, are less hardy, and often exhibit
lethal genes (Wright 1976). Stands of whitebark pine that have only a few trees
left will produce a high number of selfed seedlings. These trees will likely be
slow growing with even less competitive ability than seedlings from outcrossed
trees,

Planting Seedlings and Tending Regeneration

Sites that do not have enough surviving whitebark pine to provide an adequate
seed supply should be planted with nursery-grown seedlings (see Chapter 16).
Planting may be a good choice where an increased certainty of regeneration
establishment is desired, new stands need to be established quickly, local pop-
ulations have gone extinct, whitebark pine populations are so small that
inbreeding depression is a strong possibility, or rust-resistant seedlings need to
be established in areas not yet heavily impacted by blister rust. Planting sites
must be open enough for adequate sunlight to reach the forest floor, which
means it may be necessary to create openings in the forest canopy.

Seedlings should be grown from seeds collected in stands having high mor-
tality (>90%) caused by blister rust, because the surviving trees may have some
resistance to the rust. About twice the number of seedlings needed to meet
management objectives should be planted, because many trees will be killed by
blister rust (depending on the local rust hazard) and other causes. Planted
seedlings should be large (e.g., three years old), since they have higher survival
rates than planted smaller/younger trees. Good root development of planted
whitebark pine is important. Natural whitebark pine regeneration quickly puts
down a taproot to aid in survival in hot, dry conditions that kill other conifer
seedlings (Chapter 6).

Competing vegetation—mostly spruce, subalpine fir, and lodgepole pine,
but also large shrubs or other vegetation—should be removed if open planting
sites cannot be found. Although there is little doubt that fire would enhance
survival and growth on most sites, successful planting may be achieved with-

-out fire once openings in the forest canopy are created.

The need to monitor and manage whitebark pine continues after seedlings
become established. Young stands may be overly dense and need thinning.
Whitebark pine should not be thinned, because blister rust will kill nonresis-
tant trees. Caution should be used in thinning competing conifer species and
shrubs, because open areas allow establishment and growth of Ribes, the obli-
gate alternate host of blister rust. Below 80 to 90 percent full sunlight, the
number of Ribes shrubs decreases rapidly (McDonald et al. 1981), so trade-offs
must be considered between keeping high stand densities that shade out Ribes
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shrubs and keeping low stand densities that help survival and growth of white-
bark pine. Thinning alone is not a desirable option for western white pine,
because it can increase the amount of cankering (Hungerford et al. 1982).

A management technique developed for western white pine may be useful
for whitebark pine as well. Pruning lower live branches on western white pine
regeneration helped reduce infections and mortality from blister rust
(Schwandt et al. 1994; Barth 1994; Hunt 1998). All lower branches can be
pruned as a preventative measure, or infected branches can be pruned before
blister rust reaches the main stem. If rust hazard is too high, pruning will not
provide any benefit. A management model designed to assist in making deci-
sions about pruning western white pine is under development (G. I. McDon-
ald, in preparation), and this model could be adapted for whitebark pine.

Ribes Management

Management of local Ribes populations can increase the survival of whitebark
pine. Research on western white pine shows that high rates of infection are
associated with trees close to Ribes shrubs. The number of cankers on western
white pine usually drops to negligible amounts if pines are 300 meters or more
from a Ribes shrub (Chapter 10). Although blister rust spores can travel far-
ther to infect pines, reducing Ribes populations should lower the local blister-
rust hazard level (Chapter 10). Thinning of overly dense stands becomes a
viable option if Ribes populations are also reduced. Ribes management has
diminished the blister rust hazard in the northeastern United States {Ostrofsky
et al. 1988; Martin 1944), even though it was not deemed successful under
western conditions (Toko et al. 1967; Chapter 10).

Chemical Control of Blister Rust

In the 1950s and 1960s, actidione and phytoactin appeared to be promising
chemicals for controlling blister rust, but they were not effective enough, and
this part of the blister rust control program was terminated in 1966 (Chapter
10). Recently, two new chemicals proved effective against blister rust infection
over a short time period (Johnson et al. 1992). Three-year-old sugar pine
seedlings were treated with foliar sprays of triadimefon and benodanil and
inoculated with blister rust three weeks later. After six months, the seedlings
were inoculated again, and this time only triadimefon was effective. Berube
(1996) inoculated eastern white pine seedlings with blister rust two weeks after
foliar spray treatment with triadimefon. He found that only 3.8 percent of the
treated seedlings but 70.8 percent of the untreated seedlings developed blister
rust symptoms. Kelly and Williams (19835) used triadimenol, and a compound
closely related to triadimefon, as a dressing on loblolly pine (Pinus taeda) seeds,
and then inoculated the seedlings with fusiform rust (Cronartium quercuum f.
sp fusiforme). They found that both compounds were effective in decreasing
fusiform infection for up to thirty-six days and that triadimefon was the most
effective of the two chemicals.

Slow-release fertilizer plugs containing triadimefon have been produced,
and studies are underway by G. 1. McDonald to see how much, and for how
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long, these protect against blister rust. A slow-release fertilizer p}ug impreg-
nated with triadimefon would be useful both for protecting seedlings and for
imparting faster growth to planted whitebark pine seedlings.

Establishing a Rust-Resistance Breeding Program

The most complex and costly approach to increasing blister rust resistance in
whitebark pine is to conduct a traditional breeding program (Wright 1976).
This approach, patterned after the western white pine breeding program (Bing-
ham 1983; Mahalovich and Eramian 2000), would provide the highest gain in
resistance. A variety of resistance-gene mechanisms that may not occur
together in nature for many years could be packaged into individual trees.
Trees that appear to have high resistance, good growth, and good seed pro-
duction would be selected and cross-bred. The seedlings would be artificially
inoculated, and the best families and individuals within families selected and
grown in seed orchards. Seed orchards are usually planted on the best growing
sites, often good agricultural land. For most conifers, large amounts of seeds
are produced in fifteen to twenty years. For whitebark pine, it may take thirty
to forty years or more to produce comparable amounts of seeds.

Recently, seed orchards have been moved into greenhouses. This provides
opportunities to accelerate growth and stimulate pollen and seed production.
Consequently, several conifers have been made to produce seed within five to
seven years. While five to seven years seems too optimistic for whitebark pine,
perhaps the number of years to seed production could be greatly reduced.

Integrated Management

Conifer populations at risk for disease, like those of whitebark pine, can be
managed more efficiently by integrating information from a variety of sources,
including what is known as hazard assessment. Hazard assessment involves
estimation of risk stand by stand or over other geographic scales. Some pre-
liminary attempts at an integrated management approach (Ostrofsky et al.
1988; Geils et al. 1999) were not completely successful. A fully integrated
approach should include principles of comparative epidemiology, computer
modeling, satellite imagery, and GIS. One key to successful deployment of
resistance genes in whitebark pine is matching levels of resistance to degree of
hazard (McDonald 1979).

Hazard in higher-elevation forests varies across the landscape. Hoff (unpub-
lished data) sampled nineteen stands of whitebark regeneration for rust inci-
dence and classified stands as moist or dry (see also below). Three of the seven
stands classed as dry were rust-free after about twenty years’ exposure to blis-
ter rust. A recent survey of blister rust in 100 whitebark pine communities in
southern Idaho, Utah, and western Wyoming determined that 41 percent of the
stands surveyed were rust-free (Smith and Hoffman 1998, 2000). Possible
explanations for rust-free stands are lack of humidity and few to no Ribes
shrubs (Chapter 10). Mapping of Ribes hazard could facilitate the management
of whitebark pine.

Van der Plank (1963), in his theoretical treatment of diseases, emphasizes
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that any control measure that reduces absolute infection rate, including hori-
zontal resistance, is additive for “simple interest” diseases such as blister rust
(also see Chapter 10). So horizontal resistance to blister rust in whitebark pine,
Ribes eradication, pruning of cankers, or reduction of incidence by chemicals
should be additive in their effects. Thus, blister rust impact expected under var-
ious combinations of blister rust hazard and mix of controls can be predicted.

How much success can we expect? The variable r in models describing dis-
ease spread refers to absolute infection rate in incidence/year (Chapter 10). The
average r-value of twelve stands of susceptible whitebark pine was 0.176
(Chapter 10). There was one extremely high-hazard stand (0.691), four high-
hazard stands (0.253, 0.221, 0.212, 0.281), four showing moderate hazard
(0.124, 0.124, 0.08, 0.089), and three with low hazard (0.018, 0.013, 0.007).
The extreme-, high-, and moderate-hazard stands were located in relatively
moist environments, whereas the three low-hazard stands were located in more
dry environments.

Whitebark pine mostly grows in three types of ecological communities:
seral, climax, and tree-line (krummbholz form) (Arno and Hoff 1989). Seral
whitebark trees are found on sites moist enough to support subalpine fir and/or
mountain hemlock (Tsuga mertensiana) (Cooper et al. 1991). Climax commu-
nities are found on drier, harsher sites, generally south of 47° N latitude (Arno
and Hoff 1989). This distribution leads to a natural grouping of whitebark
stands into moist (seral) and dry (climax) classes. A series of nineteen plots
were established in whitebark pine regeneration (fifteen to twenty-five years
old) in 1992 to survey blister rust damage (R. J. Hoff, unpublished data). We
classified twelve of these plots as “moist” and seven as “dry” on the basis of
their plant associations, and then computed infection rate r (Chapter 10). The
average r-value for the seven dry stands was 0.007 and for the twelve moist
stands 0.046, indicating that moister aspects and areas are a hazard to white-
bark pine.

An outplanting of western white pine in a high-rust-hazard area gives us
insight to possibilities for resistance. This plantation contained susceptible,
resistant first-generation, and resistant second-generation western white pine
(Chapter 10). The number of Ribes shrubs was 3,700 per hectare. After six
years, blister rust incidence had reached nearly 100 percent in susceptible trees.
Absolute infection rate (r) for this susceptible lot was 0.504. The infection rate
for the first generation of rust-resistant western white pine was three times less,
and for the second generation, six times less (McDonald and Dekker-Robert-
son 1998). After twelve years of exposure, all susceptible trees were dead, and
at twenty-six years almost 100 percent of the resistant first generation and 93
percent of the resistant second generation were infected. Mortality from blister
rust after twenty-six years for the first generation was 78 percent, and for the
second generation 56 percent. So, even at this high-hazard site, many of these
western white pine trees will likely survive to maturity. The resistance from
high-mortality stands of whitebark pine (Table 17-1) is comparable to the
resistance of the first generation of rust-resistant western white pine, and
should reduce the r-value by three times and second generation by six times.
Blister rust-resistant populations of whitebark pine should be outplanted at
extreme hazard sites to verify their r-values.

Chapter 17. Strategies for Managing Whitebark Pine Blister Rust 361

Over a half-billion Ribes plants have been removed from thousands of
hectares in North American white pine forests (Chapter 10). Because of the
high cost versus effectiveness, the Ribes eradication program was stopped in
1966 (Chapter 10). Ribes eradication in eastern white pine forests of Maine has
been more successful. Ostrofsky et al. (1988) evaluated a Ribes eradication
program after seventy years of effort in Maine. The average absolute infection
rate (r-value) for no Ribes eradication was 0.091. For stands with Ribes erad-
ication, the average r-value was 0.038. Therefore, trees were becoming infected
at a rate 2.5 times less for treated than for untreated stands. Other studies with
similar results in eastern white pine were reported by Martin (1944) and Rob-
bins et al. (1988). Removal of Ribes shrubs in whitebark pine stands should
reduce the r-value by 2.5 times.

In order to estimate mortality rates, the ratio of the number of dead trees
to number of infected trees (i), was computed for the “moist” and “dry”
whitebark pine stands (R. J. Hoff, unpublished data). A higher i-value means
more mortality relative to infection. This ratio was also computed for young
western white pine stands (McDonald 1982). Results for i were whitebark-dry
= 0.22, whitebark-moist = 0.25, and western white pine = 0.31. The i ratio
could vary considerably with interaction among wave years, tree age, and any
other factors that would influence relative rust growth rate. Nevertheless, i
facilitates comparisons of predicted performance, so we will use a conservative
value of 0.35. Absolute infection rate (r in Equation 1, Chapter 10) was multi-
plied by i to predict blister rust mortality. The multipliers we used to adjust
absolute infection rate r for the effects of first-generation resistance and
removal of Ribes shrubs are 0.333 and 0.4, respectively. Then, mortality due to
blister rust was estimated by multiplying r, adjusted or not, by the incidence-
mortality ratio, 0.35.

Comparisons of predicted performance are then computed for low (r <
0.05), moderate (r = 0.05 to 0.2), high (r = 0.2 to 0.4), and extreme (r > 0.5)
hazard sites. The whitebark pine stand at Sawtell Peak (see Chapter 10) repre-
sents a low-hazard site. Computed and actual values after forty years of expo-
sure were absolute infection rate, r = 0.018; actual incidence at time t, y = 0.51;
actual mortality = 0.24, and predicted mortality = 0.22. If selected rust-resist-
ant whitebark pine trees from high-mortality stands (Table 17-1) were planted
(absolute infection rate, r reduced by 0.33) at Sawtell Peak, the expectation is
r = 0.006, with actual incidence of infection at time t, y = 0.26, and mortality
= 0.1 after fifty years. The manager could probably live with this amount of
impact. Adding Ribes control would give r = 0.007, then y = 0.30 and mortal-
ity = 0.12.

’ A stand at Mt. Brundage, located in central Idaho, can serve as the moder-
ate hazard example. Here, r was 0.123, so after fifty years, y = 1.00 and mor-
tality = 0.88. This level of unacceptable damage would be reduced to only 0.87
infection and 0.51 mortality by planting resistant seedlings. The addition of
Ribes management would lead to a combined effect of 0.56 and 0.25, respec-
tively, which is within acceptable limits. Our high-hazard example is based on
a stand (r = 0.253) located in the Olympic Mountains of Washington (see
Chapter 10). After fifty years, mortality under these high-hazard conditions
would be about 0.98. Application of the combination of first-generation resist-
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ance and Ribes management would decrease mortality to 0.45. Ribes manage-
ment and second-generation resistance should reduce damage to an acceptable
level of 0.26 in fifty years.

Our extreme-hazard stand is Wasco County 2, located on the southeastern
flank of Mt. Hood in Oregon (see Chapter 10). Application of second-genera-
tion resistance would result in 0.87 mortality after fifty years. Adding Ribes
management reduces this mortality to a relatively high 0.55. Management in
extreme hazard situations will probably require the development of chemical
controls and/or advanced generation populations of resistant whitebark pine.

The efficacy of Ribes eradication also depends on the source of inoculum.
If inoculum is produced locally (within 300 meters), eradication would be suc-
cessful at lowering the infection rate. If the inoculum comes from off-site (>1
km), for example from lower elevations where Ribes is mixed with western
white pine stands, then eradication would be less feasible. We do not currently
have technology that will reliably identify sources of inoculum. There are
stands, however, where the inoculum is definitely local. The forests below are
too dry, do not contain Ribes, or there are no white pines present.

Concluding Comments

There is sufficient research to show that natural resistance in whitebark pine to
white pine blister rust exists, and it is passed to the next generation. Several
resistance mechanisms have been documented, and these mechanisms are likely
to be stable (horizontal resistance). We can use knowledge gained from the
western white pine breeding program to package multiple resistance mecha-
nisms to provide even more stability.

Several approaches will assist restoration efforts through integrated man-
agement. They include seed collection, seed transfer, gene conservation, use of
fire, planting, natural regeneration, tending of regenerated stands, blister rust
hazard mapping, Ribes management, chemical control of blister rust infection,
and development of a blister rust-resistance breeding program with its sup-
porting field outplantings. We must also keep in mind that all five-needled
white pines behave in a similar fashion regarding blister rust. This means that
most of the cost of developing integrated management tools can be spread over
all the species. Most approaches that help restore whitebark pine can also be
used to increase the level of rust resistance in future generations. These
approaches are additive, in that each will increase the level of surviving trees.

We need to develop and implement strategies that will restore whitebark
pine ecosystems as quickly as possible. The need is urgent, because the major
ongoing threats to whitebark pine—blister rust, mountain pine needle, and
secondary succession to shade-tolerant species—continue to decrease the size
of whitebark pine populations. Delays in implementing management are actu-
ally a decision to accept even greater declines in whitebark pine populations.

Humans are responsible for the introduction of white pine blister rust to
North America, which has dramatically reduced populations of five-needled
white pines, including whitebark pine. We have accelerated the succession of
whitebark pine ecosystems to shade-tolerant conifers through fire suppression
activities. The good news is that we can help reverse declines in whitebark pine
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populations and restore whitebark pine ecosystems. Whitebark pine is going
through an extreme evolutionary bottleneck at present; the species and the
ecosystems it occupies can benefit greatly from our assistance.
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