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Abstract—This paper synthesizes existing information about the
disturbance ecology of high-elevation five-needle pine ecosystems,
describing disturbances regimes, how they are changing or are ex-
pected to change, and the implications for ecosystem persistence.
As it provides the context for ecosystem conservation/restora-
tion programs, we devote particular attention to wildfire and its
interactions with mountain pine beetle (Dendroctonus ponderosae
Hopkins) outbreaks and white pine blister rust (Cronartium ribicola

J.C. Fisch.).

Patterns of fire disturbance and post-fire regeneration in high-
elevation five-needle pine ecosystems are highly variable over
space and time. While stand-replacing fires predominate in some
regions, mixed severity fire regimes that include low intensity sur-
face fires and crown fire components, appear most common. Fire
disturbance provides critical regeneration opportunities for most
high-elevation five-needle pines but fire exclusion over the last
century is having some impacts—such as major declines of white-
bark pine (Pinus albicaulis Englem). Historic mountain pine beetle
outbreaks caused episodes of mature high-elevation five-needle
pine death over large regions. While these pines have adapted to
this historic pattern of disturbance, global climate change is caus-
ing the geographic expansion of beetle outbreaks that are killing
high-elevation pines in places with no history of major impacts.
Expanding beetle outbreaks and exotic blister rust infections,
which continue to intensify and spread into the southernmost
geographic range of high-elevation five-needle pines, reduce the
density of seed bearing trees and hasten succession. Global climate
change may also generate more frequent severe fires. This may pose
a threat to some pines and generate regeneration opportunities for
others, provided beetle outbreaks and blister rust have not reduced
the density of seed-bearing trees below critical thresholds.

High-elevation five-needle pine ecosystem responses to dis-
turbance are complex and while there is still much to learn,
management efforts are moving forward to conserve and restore
these critical components of mountain landscapes. Given the com-
plexity and uncertainty of ecosystem response to disturbance, a
cautious yet proactive approach to management will be necessary
to build ecosystem resilience to future disturbances, whether natu-
ral or human-caused.

Introduction

Disturbances are key natural components of forest eco-
systems. Variation in the type, timing and severity of
disturbances generate forest heterogeneity, which is linked
to biodiversity and ecosystem resilience to subsequent per-
turbations and environmental change (Gunderson and

others 2009). However, substantial alterations to historical
disturbance regimes—the type, timing and severity of dis-
turbances—can compromise the capacity of ecosystems to
recover from disturbance and persist on landscapes. Human
interactions with ecosystems are the primary cause of recent
major changes in disturbance regimes.

In western North America, land use activities (includ-
ing wildland fire management, livestock grazing, logging
and planting patterns), global climate change caused by in-
creased greenhouse gas emissions, and introduction of the
Eurasian white pine blister rust fungus (Cronartium ribicola
J.C. Fisch.) are altering historical disturbance regimes and
threatening the persistence of high-elevation five-needle
(high-five) pine ecosystems dominated by whitebark pine
(Pinus albicaulis Englem.), limber pine (P. flexilis James),
Rocky Mountain bristlecone pine (P. aristata Engelm.),
Great Basin bristlecone pine (P. longaeva D.K. Bailey), fox-
tail pine (P. dalfouriana Grev. & Balf)), and southwestern
white pine (P. strobiformis Engelm.) (Campbell and Carroll
2007; Keane 2001; Tomback and Achuff 2010). In this
paper, we synthesize existing information about the disturb-
ance regimes of high-five pine ecosystems and describe how
they are changing or are expected to change. We devote
particular attention to the importance of wildfire and its
interactions with other major disturbances—mountain pine
beetle (Dendroctonus ponderosae Hopkins) outbreaks and the
white pine blister rust epidemic—since this provides most of
the context for interpreting threats to high-five pine decline
and the design of ecosystem conservation and/or restoration
programs.

Fire Disturbance

Fire is a component of the disturbance regimes of most
high-five pine ecosystems. We currently know the most about
fire disturbance in the whitebark pine ecosystem, which is
more widely distributed than any of the other high-five pine
ecosystems. The presence of charcoal in lake sediment cores
from the northern U.S. Rocky Mountains indicates that fires
burned in areas supporting whitebark pine for at least the
past 14,000 years (Brunelle and Whitlock 2003; Minckley
and others 2007). Tree-ring studies, which provide more
temporally precise information about fires over the last
several hundred years, indicate complex and highly vari-
able fire regimes in space and time. Severe stand-replacing,
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partial-stand replacing and low-severity surface fires all

occur in whitebark pine ecosystems with mean fire-return
intervals ranging from 13 to 400+ years (figure 1, table 1).
Mixed-severity fire regimes, which are very common in
whitebark pine ecosystems, include low intensity surface fire
and crown fire components that typically create complex
patterns of tree death and survival in stands and over land-
scapes (Murray and others 1998; Romme and Knight 1981).
Burned patches typically range from 1 to 30 ha in size,
depending on weather, topography and fuel connectivity
(Norment 1991; Tomback and others 1993). Large stand-
replacement fires occur within mixed-severity fire regimes
but as infrequent events that often originate in lower eleva-
tion forests and move to whitebark ecosystems when weather
conditions facilitate fire spread (Morgan and Bunting 1990;
Murray and others 1998). In dense mixed-conifer sub-
alpine forests, which are most extensive in the U.S. Rocky
Mountains and in mountain ranges of British Columbia,
whitebark pine fire regimes are often characterized by large
stand-replacement fires occurring over long time intervals

(250+ years) (Campbell and Antos 2003; Romme 1980).
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Figure 1. Evidence for past fires
in whitebark pine forests
including a) fire-scarred
whitebark pine trees
indicative of surface fires,

b) charred remnant wood,
and c) dense, post-fire
cohorts of whitebark pine
indicative of stand-replacing
fires. Photos by E. Larson.

With somewhat thicker bark, higher and thinner crowns,
and deeper roots, whitebark pine is better adapted to survive
low intensity surface fires than its shade-tolerant competitors
(Morgan and others 1994). When surface fires are relatively
frequent, mature cone-bearing whitebark pine survive fires
that generally kill competing species, such as subalpine
fir (Abies lasiocarpa [Hook.] Nutt.) and Engelmann spruce
(Picea engelmannii Parry ex. Engelm.), which have denser
canopies that typically extend to the ground. Such disturb-
ances delay the successional process (Keane 2001) typically
producing stands with fire-scarred whitebark pine and mul-
tiple post-fire cohorts of this species (figure 2). Whitebark
pine is also well adapted to severe, large stand-replacing
fires because the Clark’s nutcracker (Nucifraga columbiana
Wilson) can disperse whitebark pine seeds up to 100 times
farther (over 10 km) than wind can disperse the seeds of its
major competitors (Tomback 2005). As such, the species can
more readily colonize large burned areas and seedlings can
grow without competition for some time unless lodgepole
pine—with predominantly serotinous cones—were a sig-
nificant component of the pre-burned stand (Campbell and
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Table 1. Tree-ring studies reporting fire-return intervals for whitebark pine forests (modified from Arno 2001).

Source

Lolo National Forest, Montana

Bitterroot Valley, West Montana
Big Hole Range, Montana/ldaho
Cascade Range, Oregon/Washington

Bob Marshall Wilderness, NW Montana

Yellowstone National Park, Wyoming
Yellowstone National Park, Wyoming
Yellowstone National Park, Wyoming

Morgan and Bunting 1990
Larson and others 2009
Kipfmueller 2003

Arno 1980; Arno and Petersen 1983
Murray and others 1998

Siderius and Murray 2005

Keane and others 1994

Mattson and Reinhardt 1990
Barrett 1994

Romme 1982

Fire-free
interval
(yrs) Methods Geographic area
13-46 Fire-scar and age-structure analyses Russell Peak, Wyoming
19-350+ Fire-scar and age-structure analyses
20-173 Fire-scar and age-structure analyses Selway-Bitterroot Wilderness,
Montana/ldaho
57-94 Fire-scar and age-structure analyses
50-119 Fire-scar and age-structure analyses
47-250+ Fire-scar and age-structure analyses
55-304 Fire-scar and age-structure analyses
80-300 Age-structure analysis
66—>350 Fire-scar and age-structure analyses
300-400 Fire-scar and age-structure analyses
Canopy tree age structure and fire history
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Figure 2. Age structure and fire history of a whitebark pine forest
on Point Six, near Missoula Montana. The lack of fire since
the widespread 1816 fire event likely reflects the effects
of fire suppression on this forest. Also note that subalpine
fir was establishing in this forest within one decade of the
most recent widespread fire. Restoration plans have been
developed for the whitebark pine forests on Point Six. For
more detail about fire on this site, see Larson and others
20009.

156

Antos 2003; Kipfmueller and Kupfer 2005). However, in the
upper subalpine zone, generally beyond the altitudinal lim-
its of lodgepole pine, crown fires commonly leave scattered
unburned patches that serve as important biological legacies,
resulting in subalpine fir and Engelmann spruce colonizing
burns synchronously with whitebark pine (Campbell and
Antos 2003). Fire disturbance is less important near the
timberline or on dry sites where whitebark pine’s tolerance
to harsh environments permits it to thrive in places other
subalpine tree species cannot. Much of what we know about
the fire ecology of whitebark pine ecosystems comes from
research in the U.S. and southern Canada. Information from
the northern part of the range, in Canada, is sparse; how-
ever preliminary data (Haeussler and others 2009; Clason
and others 2010) suggest that patterns of whitebark pine re-
sponse to fire disturbance are broadly similar to the patterns
described above.

Our knowledge about the fire ecology of other North
American high-five pine ecosystems is limited and needs
further study. A few studies report mixed-severity fires re-
gimes for high-five pine ecosystems dominated by limber
pine, Rocky Mountain bristlecone pine and Great Basin
bristlecone pine in Colorado, Nevada and Utah, with mean
fire return intervals ranging from 11 to 129 years (Brown
and Schoettle 2008; Coop and Schoettle 2009; Kitchen
2010). On an isolated desert mountain range in Arizona, fre-
quent low-intensity surface burns dominate a mixed-severity
fire regime in southwestern white pine ecosystems—mean
fire return intervals range from 4 to 22 years (Iniguez and
others 2009). Fire disturbance is considered rare in the
driest southern U.S. landscapes where Great Basin bristle-
cone pine, foxtail pine and limber pine dominate dry, rocky
ridges; and, when fires do occur, they are usually small and
of low severity due to sparse fuels. Caprio and Lineback
(2002) report mean and maximum fire-return intervals in
foxtail pine ecosystems as 187 and 580 years, respectively.
Like whitebark pine, fires scars have been found on all other
high-five pine species, indicating that they can also survive
low-intensity surface fires (Iniguez and others 2009; Brown

and Schoettle 2008; Kitchen 2010; Ryerson 1983).
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Mounting evidence suggests temporal variations in fire
activity are linked to natural global ocean-atmospheric
processes. 'The El Nifio/Southern Oscillation (ENSO),
the Pacific Decadal Oscillation (PDO), and the Atlantic
Multidecadal Oscillation (AMO) may influence patterns
of drought occurrence from regional to continental spatial
scales, and from seasonal to multidecadal temporal scales,
synchronizing fire activity over large areas (McCabe and
others 2004; Skinner and others 2006). Recent studies re-
port more frequent severe fires in subalpine forests in western
Colorado during cool phases of the PDO and ENSO and
warm phases of the AMO (Schoennagel and others 2007).
However, the relative influence of these natural phenomena
may vary spatially and even reduce fire activity in subalpine
forests of other regions. The influence of ocean-atmospheric
oscillations on regional climate and linkages to fire activity
remains an active area of research.

Human land use activities can also influence temporal
patterns of fire activity. Since the early 1930s, fire suppres-
sion programs in the U.S. have successfully limited the
extent of wildland fire in many western North American
ecosystems (Keane and others 2002). Information about the
effects of fire exclusion policies on high-five pine ecosystems
come from two different kinds of studies in the U.S.: stand-
level tree-ring analyses and landscape-level assessments.
Using fire scar and tree age data, some stand-level tree-ring
studies readily detect a reduction in fire activity that could
be attributed to fire suppression management (Brown and
Schoettle 2008; Buechling and Baker 2004; Kitchen 2010;
Larson and others 2009; Murray and others 1998; Sherriff
and others 2001). However, because tree-ring studies are
labour intensive work, many are based on too few samples
(that is, stands) to make definitive conclusions about the ef-
fects of fires suppression across landscapes. Moreover, while
they can detect the effects of fire suppression in regions where
frequent surface fires were historically common, in moist/
cool regions where fire return intervals are longer, the effects
of fire suppression are not yet manifest at the stand-level and
generally not yet detectable. In these regions, the effects of
fire suppression can be examined at the landscape-level by
assessing areal extent of early to mid-seral pine stands and
increases in late-seral stands in high-elevation landscapes
(Keane and others 1994). Using this approach, Keane (2001)
reported that a major reduction in high-elevation fires since
about 1929 has led to the successional replacement of white-
bark pine by subalpine fir on the most productive sites in
parts of its range. Although subalpine fir communities cur-
rently comprise about 12-22 per cent of the landscapes in
the Bob Marshall Wilderness Complex (Keane and others
1994), modelling efforts estimated that historical landscapes
in this area had 3-13 per cent late-seral subalpine fir stands.
Similarly, Murray and others (2000) show that nearly 50 per-
cent of the landscape has shifted to late successional stands
over the last 250 years in the Big Hole Range of Idaho and
Montana.

In Canada, fire suppression programs have been effect-
ive reducing the extent of forest area burned since the late
1950s (Cumming 2002). However, very little information is
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available about the effects of fire exclusion policies on high-
five pine ecosystems. While there has been a tendency to let
fire burn in remote locations of Canada, this is most com-
mon in boreal forest zones north of the geographic range of
high-five pines. A summary of fire data for British Columbia,
indicated a clear decrease in the extent of fire in subalpine
zones where whitebark pine occurs (Campbell, unpublished
data). Given these data, we expect fire exclusion policies are
having the same impacts on high-five pines in Canada as
they are in the U.S.

There is much yet to learn about the fire ecology of high-
elevation five-needle pine ecosystems and the effects of fire
suppression. Some analogies can be drawn from high-ele-
vation pine ecosystems of Eurasia. For example, Cembran
pine (Pinus cembrae L.), which shares many life-history traits
with the taxonomically similar North America high-eleva-
tion pines, currently occurs as fragmented populations in
mountain landscapes where fire has been suppressed for cen-
turies. During the Holocene, when the climate was warmer
and fire disturbance was more frequent, Cembran pine was
much more abundant, even in valleys and above the cur-
rent timberline (Ali and others 2005). Moderately frequent
surface fires, which promote Cembran pine regeneration
(Genries and others 2009a), resulted in the expansion of
Cembran pine forests, while very frequent fires occurred to
the detriment of the species (Genries and others 2009b).

Other Disturbances and
Interactions With Fire

High-elevation pines are subject to damaging agents
other than fire—such as localized insect infestations of
Ips spp. bark beetles (Campbell, unpublished data) or the
pine leaf adelgid (Pineus pinifolia, Fitch) (Woods, unpub-
lished data) and dwarf mistletoe infections (IMathiasen and
Daugherty 2001; Mathiasen and Hawksworth 1988)—but
mountain pine beetle (MPB) outbreaks and the introduced
white pine blister rust (WBPR) fungus are the only other
major disturbances. All high-five pines are currently being
attacked by MPB (see Bentz and others, this proceedings)
with the most beetle-caused deaths during this outbreak
occurring among whitebark, limber and Rocky Mountain
bristlecone pines (Gibson and others 2008). Over the last
several decades, WPBR has caused widespread pine de-
cline and death throughout most of the geographic range of
whitebark pine and limber pine, and in all but the western
extent of southwestern white pine’s range (Campbell and
Antos 2000; Schoettle and Sniezko 2007; Smith and oth-
ers 2006). WPBR is currently limited to a small portion of
Rocky Mountain bristlecone pine’s range and it has yet to
be found on Great Basin bristlecone pine (see Tomback and
others, this proceedings), presumably because the arid cli-
mate of these regions slows infection. However, the disease
continues to spread and it is expected to intensify wherever
five-needle pines occur (Schoettle and Sniezko 2007). Most
of the context for interpreting high-elevation five-needle
pine ecosystem decline, and its conservation, come from
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understanding the interactions among these three major
disturbances: fire, MPB, and WPBR.

In many areas, whitebark pine deaths caused by MPB
outbreaks and concurring WPBR hasten forest succession,
converting pine stands to forests dominated by the shade-
tolerant conifers, such as subalpine fir, Engelmann spruce
(Jackson and Campbell 2008; Keane 2001; Kipfmuller and
Kupfer 2005). 'This, in turn, increases the potential for high-
severity crown fires because of greater canopy bulk densities
and multi-layered canopy of spruce-fir forests (Reinhardt
and others 2006). These high severity fires then kill most
of the whitebark pine that survived past MPB outbreaks
and were potentially blister rust-resistant trees. Continued
rigorous management to suppress wildland fire may result
in the same cycle of spruce-fir dominance fostering large,
crown fires, particularly in mesic forests where severe fires
were more common historically (Keane and others 2002).
While not well studied, the same interactions among fire,
MPB and WPBR might be expected in mesic forests where
other high-five pines occur as seral species in mixed forests,
particularly among the high-five pines that depend almost
entirely on nutcracker to disperse seed. In northern British
Columbia, however, where MPB have killed whitebark pine
and balsam bark beetle (Dryocoetes confusus, Swaine) infes-
tations that have killed subalpine fir, stands are succeeding
to shade-tolerant mountain hemlock (Tuga mertensiana,
[Bong.] Carr.) (Clason and others 2010), which would gen-
erate stands with similar canopy fuels a tendency for crown
fires.

Wildland fire disturbance is pivotal to the persistence
of some high-five pine ecosystems. Newly burned patches
provide regeneration opportunities for these shade-intoler-
ant species. Burns can be colonized by seed from putatively
blister rust-resistant pines in nearby maturing forests where
pines are at increasing risk of loss due to other pests and
pathogens, wildfire or successional replacement. When seed
sources are plentiful in the landscape, due to high rust resis-
tance or low rust incidence, wildfire disturbance stimulates
regeneration and efficient natural selection for rust resis-
tance (Hoff and others 1976; Schoettle and Sniezko 2007).
However, if the density of seed-bearing trees is low (that
is, tree basal area < 5 m?/ha), due to blister rust, successive
MPB outbreaks and decades of fire suppression, colonization
of open habitat may be limited by inadequate seed, limited
nutcracker dispersal, and a relative increase in the rate of
seed predation by nutcrackers and squirrels (Haeussler 2010;
Larson 2009; McKinney and others 2009). By generating
a forest landscape mosaic with diverse age class and patch
structures, fires also facilitate ecosystem resistance to sub-
sequent disturbances. For example, given that the beetle
rarely attacks small pine trees, young, fire-originated pine
stands generally persist in landscapes during beetle popula-
tion outbreaks and a sufficient proportion of young stands in
landscapes could prevent catastrophic losses of pine during
MPB outbreaks (Li and others 2005). Some forest patches
created by previous fires could also act as fire-breaks and re-
duce the likelihood of the severity of future fire impacts.
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It is often presumed that MPB outbreaks increase the
likelihood and intensity of crown fire disturbances because
they increase forest fuels. However, studies about the inter-
action between MPB outbreaks and fire have yielded mixed
results. Jenkins and others (2008) report an increase in sur-
face fire intensity due to an increase in fine surface fuels (for
example, pine needles). However, these studies could not
determine if increased surface fire intensity would lead to
more severe crown fires. Some argue that the increased risk
of intense fires following MPB outbreaks is short-lived (as
fine fuels quickly decompose) and fire risk decreases again
until later successional stages when shade-tolerant species,
such as spruce and subalpine fir, grow to fill the gaps left by
dead pines and increase crown fire risk (Lynch and others
2006). Most recently, Simard and others (2011) found that
the interaction between fire and MPB outbreaks is the op-
posite of what is widely presumed; rather than increase the
probability high intensity crown fires, outbreaks decrease
crown fire risk in the short term by thinning pine forests.
Studies conducted following the last MPB outbreak report
similar findings (Despain 1990; Schmid and Amman 1992).
While these studies focus predominantly on lodgepole pine
(Pinus contorta, Dougl.) forests, we expect they can be ap-
plied similarly to subalpine forests containing high-elevation
five-needle pines. In fact, many sites dominated by high-
elevation pines are probably at even lower risk of crown
fires following MPB outbreaks because of their more open
canopies.

In regions where fire disturbance is infrequent, bark
beetle outbreaks may play a more important role in high-
elevation pine regeneration dynamics. For example, in
southern Alberta, MPB and Ips spp. outbreaks create for-
est gaps that facilitate self-perpetuation of whitebark pine
in subalpine forests (Wong and others, submitted). This his-
toric role for bark beetle outbreaks has also been suggested
for whitebark pine forests in Montana (Larson and others
2009; Larson and Kipfmueller 2010) and for lodgepole pine
forests in Oregon (Stuart and others 1989). Similar to wild-
fire disturbance, MPB outbreaks may provide regeneration
opportunities that facilitate natural selection of blister rust-
resistant whitebark pine (Larson, in press).

High-elevation pines are often considered more suscep-
tible to attack by MPB when they are stressed by WPBR
infections. However, while WPBR infections appear to
make pines more susceptible to attack by MPB when bee-
tles are at endemic population levels (Six and Adams 2007),
during population outbreaks, there is no correlation between
WPBR infection and susceptibility to beetle infestation.
During outbreaks, beetles kill mature pines regardless of
vigor or health (Bockino 2008; Jackson and Campbell 2008).

Global Climate Change

Global warming has the potential to significantly impact
high-elevation pine ecosystems. Like all species, high-five
pines respond to environmental changes by adapting iz situ
or by migrating to more suitable habitat. Despite moderate
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levels of genetic diversity, many wonder if temperate trees
species can rapidly adapt—given their long generation
times—or migrate at a sufficient pace to keep up with rapid
climate change (Aitken and others 2008).

Bioclimatic envelope models, which quantify relation-
ships between climate and a species occurrences, project
dramatic reductions in the geographic distribution of cli-
matically suitable habitat for whitebark pine over the next
century (Hamman and Wang 2006; Warwell and others
2007) and similar results could be expected for other
high-five pines. Warwell and others (2007) speculate that
increasing temperatures could “push” whitebark pine off
mountains by moving its lower elevational limits above the
tallest peak. Conventional wisdom suggests that this would
occur because less cold-hardy, shade-tolerant conifer species
would establish more abundantly and out-compete white-
bark pine at high elevations where it currently dominates
(Koteen 1999).

Interpretations about the persistence of high-five pines
from bioclimate envelope models, however, are not simple
because climate influences a complex array of multi-scaled,
interacting ecological processes that determine species
ranges, not all of which are captured with these modelling
techniques (Araujo and Guisan 2006). More information
about the constraining effects of local topoedaphic conditions
on climate change impacts will be important to high-five
pine conservation efforts in a changing climate (Lafleur et
al. 2010; Mbogga and others 2010; Hof and others 2011).

For example, we may expect high-elevation five-needle pines

Disturbance Ecology of High-Elevation Five-Needle Pine Ecosystems...

to remain free of competition and persist on sites with shal-
low soils (including rock outcrops) despite climate change.
In addition, a greater understanding of the potential effects
of climate change on growth, regeneration processes, and
dispersal rates, which may come from mechanistic models,
can also provide insights into the management of high-five
pines in a changing climate. For example, recent mechan-
istic modelling work in British Columbia, which considers
frost and drought thresholds, suggests decreased whitebark
pine seedling survivorship could contribute to range reduc-
tions (Nitschke and Campbell, in prep.).

Most major ecosystem changes caused by global climate
change will likely be precipitated by shifts in disturbance
regimes (Dale and others 2001). Such shifts have already
been observed in high-five pine ecosystems. For example,
current mountain pine beetle outbreaks are killing more
whitebark pine, and probably other high-five pines, than at
any time in the historical record, and this trend is expected
to continue to the end of the century as warmer winter tem-
peratures facilitate the survival and reproduction of beetles
in high-elevation zones (Bentz and others, this proceedings;
Campbell and Carroll 2007; Logan and Powell 2001) (fig-
ure 3). Although many suggest that a warmer climate would
accelerate the spread of blister rust where temperature is lim-
iting (Koteen 1999), increased aridity in other regions may
retard the spread and intensification of WPBR infections
(Boland and others 2004).

A warmer climate may also increase in frequency and size

of wildfires (Keeton and others 2007; Ryan 1991; Running
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Figure 3. Historical and future projections indicating the percentage of whitebark pine’s range
in British Columbia that is climatically suitable habitat for mountain pine beetle. Beetle
outbreak risk is high in these areas. Indices of climatically suitable habitat were calculated for
each map pixel based on climate threshold values for critical beetle life-stages (see Carroll
and others 2006). Weather station data were used to calculate historical climate suitability
indices and the Canadian Global Climate Model (CGCM), for a mid-range climate change
scenario (A2), was used to project indices of climate suitability into the future. Indices were
calculated for 30-year normal periods. Classes of climatically suitable habitat were derived
from indices and mapped. The range of whitebark pine was then overlayed on these maps to
calculate percentage of the range where outbreak risk is high.
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2006). While an increase in fire size frequency and size may
pose a threat to southern high-five pines with limited and
isolated geographic ranges, it may benefit other pines, for
example, whitebark pine (Loechman and Keane, in prep).
Provided that sufficient seed sources remain on the land-
scape, and that microsites favouring establishment exist
(Moody 2006), whitebark pine populations could increase as
a result of increased fire activity. Coincidently, increased fire
activity that generates more young pine stands on landscapes
could reduce the impact of future MPB outbreaks.

While disturbance rates are expected to increase with
climate change, high-five pines may possess some capac-
ity to adapt to changed disturbance regimes and persist in
landscapes as the climate changes, particularly with some
proactive management. Variability in high-five pine re-
sponses to current disturbance agents—including variability
in responses to MPB outbreaks due to site, stand age, and
genetics, or variability in the incidence and timing of blister
rust deaths due to genetic resistance and tree size (Jackson
and Campbell, 2008; Hof and others 2011; Jewett 2009;
Schoettle and Sniezko 2007; Wong and others, submit-
ted; Yanchuk and others 2008)—can provide insights and
guide management actions to minimize disturbance impacts
in a rapidly changing climate. High-five pine species with
limited geographic ranges are likely most vulnerable to the
increased frequency and extent of disturbances expected to
accompany global climate change.

The effects of global climate change could be severe for
high-five pine ecosystems. However, not only is the degree
of future climate change uncertain, the response of high-five
pine ecosystems to climate change are complex and difficult
to predict. As such, the potential for major climate change
effects should not be used as an excuse for not implementing
restoration projects (Hobbs and Cramer 2008), but it could
guide the choice of restoration activities used over the range
of high-five pines, with differing activities occurring in some
climatic regions or on some sites.

Management

'The exotic white pine blister rust, wildfire suppression,
MPB outbreaks, and global climate change are causing a
rapid decline of whitebark pine and posing serious threats
to other high-five pines. Management to stem the threats
to high-five pine ecosystems is essential and described in
greater detail throughout this proceedings (for example, see
Schoettle and others, and references therein). Management
can take two complementary approaches: targeted actions to
minimize the impacts of on-going disturbances, and pro-
active management that enhances ecosystem resilience to
future disturbances, natural or human-caused.

In the short term, targeted efforts could be used to pro-
tect highly-valued trees, or small groups of trees during a
disturbance. If pines are not resistant to blister rust, pruning
blister rust cankers from individual trees can prolong their
life (Burns and others 2008). During MPB outbreaks, ap-

plying insecticides or treating putatively blister-rust resistant
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trees with verbenone will protect seed sources and the gen-
etic material needed to develop rust-resistance strains of
high-five pines (see Bentz and others, this proceedings).
During slow moving lightning-ignited fires, actions can also
be taken to protect pine seed sources from the fire. In 2006,
during the Bybee fire at Crater Lake National park (OR),
crews removed flammable debris and installed fire lines at
the base of putatively rust-resistant whitebark pine to im-
prove their chance of survival (Murray 2007).

Over the longer-term, proactive management that
builds high-five pine ecosystem resilience to future dis-
turbances should be a key aspect of conservation strategies.
Understanding, and harnessing, high-five pine response di-
versity to disturbance and environmental change can help
achieve this goal. For example, selection, breeding, and
future out-planting of high-five pines with a range of rust-
resistance mechanisms will help to minimize the impact of
the exotic blister rust fungus. Also, because forests of vari-
ous ages, and on various sites, exhibit differential responses
to blister rust infection, MPB outbreaks, fire, and probably
even global climate change, diversifying forest age class
structure across site types and over subalpine landscapes can
help to build high-five pine ecosystem resilience to future
disturbance (Schoettle and Sniezko 2007). Fire management
can play a central role in achieving this goal by maintaining,
or increasing, the proportion of pine-dominated forests in
subalpine landscapes. This may include actions that decrease
fuel loads to reduce the risk of severe crown fires and protect
mature seed-bearing pines. It may also include controlled
management of lightning-ignited burns or prescribed burns
that reintroduce fire.

Fire has been reintroduced in subalpine landscapes of
the Rocky Mountains of Alberta, Idaho, and Montana to
promote whitebark pine regeneration. These prescribed fires
had mixed results. In Montana, despite pre-fire thinning
treatments to control the spread of fire and protect ma-
ture, cone-bearing and putatively blister rust-resistant trees,
many overstory whitebark pines died on most burns. While
competing spruce and fir regeneration were often markedly
reduced and the numbers of nutcrackers caching seed in the
post-burn environment increased, five years after the burn,
whitebark pine regeneration was insignificant at most sites
(Haeussler 2010; Keane and Parsons 2010). A better under-
standing of whitebark pine regeneration dynamics in areas
without severe blister rust will provide valuable baselines for
evaluating management in areas with severe infections and
help assess the needs for out-planting seedlings. Also, de-
tailed guidelines to identify high-priority target stands (sezsu
Shoal and others 2008), including stands where introducing
fire poses too large a risk, should be developed for prescribed
burning.
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