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Summary

Past and future climate change

Average annual temperature in the Pacific Northwest has increased 0.83°C (1.5°F) since
1920 and is projected to increase an additional 2.0 - 4.0°C (3.6 - 7.2°F), or more, by the end of
the century. In addition to higher temperatures, the region will likely experience wetter winters
and drier summers, with a slight increase in annual precipitation. These alterations of the climate
system are due in large part to human actions, namely the emission of greenhouse gases. Below
are some of the ways Mount Rainier National Park could be affected by these changes in climate.

Glaciers, debris flows and floods

The Park’s glaciers have decreased in area and volume over the last century in
association with increasing temperatures. The retreat of the glaciers has exposed large amounts
of loose soil that can be washed into river channels during heavy rain events. Once in the
channel, this soil can mix with water to form a fast-moving slurry called a debris flow. These
flows can be very powerful and dislodge large boulders or trees, and also destroy riverside
buildings and roads. Much of the debris washed into the Park’s rivers settles out at lower
elevations and accumulates on the river bed. Some areas of the Park have experienced such high
rates of accumulation that the beds of some stretches of river are actually above the surrounding
landscape, making it more likely for waters to overtop river banks and flood large areas of land
during intense rainstorms. For example, Longmire is 8.8m (29 feet) below the bed of the nearby
Nisqually River. Future temperature increases will likely lead to greater retreat of the glaciers
and perhaps increased risk of debris flows and flooding.

Air quality

Mount Rainier’s location downwind of the Seattle-Tacoma metropolitan area can lead to
high concentrations of air pollutants in the Park. In fact, high elevation sites such as Paradise
often have higher average ground-level ozone concentrations than Seattle. Ground-level ozone is
an air pollutant that harms humans and other organisms. Higher temperatures tend to lead to
higher concentrations of ground-level ozone and other air pollutants. Therefore, future warming
is expected to have a negative impact on the Park’s air quality. However, pollutant
concentrations are also strongly affected by emission rates, making it difficult to predict future
levels of air pollution.

Forests

The abundances and distributions of the Park’s tree species are strongly correlated with
climate. Thus, climate change is expected to lead to shifts in the geographic ranges of tree
species within the Park. However, non-climate factors also influence species distributions, so
species response to climate change will likely be complex. In addition, the long lifetimes of these
trees suggest that climate change induced range shifts will be slow in the absence of major
disturbances. But background rates of tree mortality have increased in Pacific Northwest forests,
a trend thought to be caused by higher temperatures and greater drought stress. This increased
mortality could alter the structure, composition and productivity of Mount Rainier’s forests.
Also, the increased temperatures and decreased summer precipitation brought about by climate
change would lead to drier conditions that could increase the frequency of forest fires. An



increase in fire frequency could also lead to faster shifts in tree species ranges if fires kill adult
members of cool-adapted species to allow seedlings of warm-adapted species to establish.

Subalpine and alpine meadows

The subalpine and alpine meadows of the Park are found at high elevations where
temperatures are too cold or snow covers the ground for too long for trees to grow. Over the last
century, ecologists have documented tree establishment in subalpine meadows throughout the
Park in association with increased temperatures. Higher temperatures and longer snow-free
periods in the future will likely lead to the establishment of more trees in subalpine meadows and
colonization of bare ground by alpine plants, leading to an overall upward movement of these
meadows. This movement will probably result in a reduction of the area occupied by the
meadows, because there is less land at higher elevations, which could lead to the loss of some
subalpine and alpine plant species.

Species at risk

Virtually all of the species Mount Rainier supports will be affected by climate change in
some way. Many of these species will likely be at risk of decline within the Park and throughout
their range. Below, | discuss two species that could be in jeopardy. These case studies exemplify
the risks species face and the complexities of predicting species responses to climate change.

Whitebark pine

The whitebark pines at Mount Rainier have been victim to a non-native disease called the
white pine blister rust that has killed many of these trees in the Park. Climate change poses
additional threats to this already imperiled tree species. One of these threats is a potential
increase in outbreaks of the mountain pine beetle (a bark-boring insect) which can cause
widespread mortality amongst whitebark pines. Although the mountain pine beetle is native to
the Park, the high elevation habitats of whitebark pine have historically been too cold for beetle
populations to reach epidemic proportions in most years. Rising temperatures would lead to
whitebark pine stands becoming more suitable for the beetle, which could, in turn, lead to more
beetle outbreaks and reduced numbers of whitebark pines.

The American pika

The American pika is a small mammal found at high elevations in the Park. The animal is
sensitive to high temperatures and could be negatively affected by warming in parts of its range.
Consistent with this expectation are observations in the Great Basin region of the Southwestern
US that 10 out of 25 pika populations documented in the 20™ century have apparently
disappeared and that the extinct populations were in warmer locations than surviving
populations. However, pikas currently occupy locations with a wide range of average
temperatures, suggesting that a large portion of the species’ habitat will continue to experience
suitable temperatures even with substantial warming. Pikas have also been known to adjust their
behavior to cope with high temperatures by resting inside shady boulder fields during hot
weather and shifting their foraging to cooler times of day. Thus, the pika will likely face threats
from climate change, but might be well suited to cope with these threats.
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Introduction

“Warming of the climate system is unequivocal, as is now evident from observations of
increases in global average air and ocean temperatures, widespread melting of snow and ice,
and rising global average sea level.”

-Intergovernmental Panel on Climate Change (IPCC), 2007

Average annual temperature in the Pacific Northwest has increased 0.83°C (1.5°F) since
1920 and is projected to increase an additional 2.0-4.0°C (3.6-7.2°F), or more, by the end of the
century. In addition to higher temperatures, the region will likely experience wetter winters and
drier summers, with a slight increase in annual precipitation (Mote and Salathé 2009). The
scientific consensus is that these changes in climate are due in large part to human actions,
namely the emission of greenhouse gases from burning fossil fuels, deforestation and agriculture
(Mote and Salathé 2009, IPCC 2007). The purpose of this report is to review how these ongoing
changes are affecting some of the most valued resources at Mount Rainier National Park and
what these changes mean for the future of the Park. It appears that a number of these resources
are vulnerable to large changes in climate and that the Park will face unprecedented challenges in
conserving the resources it is mandated to protect.

Glaciers, debris flows and floods

Mount Rainier’s glaciers are the largest single-mountain glacier system in the contiguous
48 states (91 square kilometers or 35 square miles), represent 25% of the total ice area in the
contiguous 48 states and contain as much ice (by volume) as all the other Cascade volcanoes
combined (NPS 2001, Nylen 2004). However, these glaciers shrank 22% by area and 25% by
volume between 1913 and 1994 in conjunction with rising temperatures (Nylen 2004). The most
recent studies of Park glaciers have shown that monitored glaciers are continuing to retreat (NPS
2009a). Beyond Mount Rainier, there has been a general trend of glaciers shrinking across
western North America (Moore et al. 2009) and the globe (Lemke et al. 2007) over the last
century, in association with increasing temperatures.

This shrinking not only diminishes the Park’s iconic glaciers, but also increases the risk
of geologic hazards. As the glaciers recede, they expose and de-buttress large amounts of soil
that is easily washed into river channels during heavy rain events (Figure 1). During especially
intense rain events, this large amount of soil can mix with water in river channels to form a fast-
moving slurry called a debris flow, which is similar in appearance to wet concrete. The mass of
the soil adds momentum to the river’s flow and makes it much more powerful than it would be
with water alone. As a result, the debris flow can dislodge large boulders, old-growth trees and
other large objects in its path as it moves down steep slopes, leading to a snowball effect where
the flow becomes more powerful and mobilizes even more debris (Ballantyne 2002). These
debris flows pose a threat to human infrastructure in the Park, and can easily destroy riverside
buildings and roads.

As the debris flows travel down river and reach the Park’s lower elevations, the slope of
the river’s course becomes less steep and the river’s flow slows down. As this happens, the



soil, rocks and other objects in the
debris flow settle out and begin to
accumulate in the riverbed, increasing
the height of the channel in a process
called aggradation. Because of the
large amount of loose soil exposed by
glacial recession in the Park,
substantial aggradation occurs even
during periods of normal river flow.
However, aggradation is especially
rapid during debris flows spawned by
heavy rains. For example, the
background rate of aggradation is 15 —
36 cm (6-14 inches) per decade in the
Park’s braided rivers, but around 1.8m
(6 feet) of material was deposited
along a section of the Nisqually River
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Figure 1. The Nisqually Glacier, situated on the South side of
Mount Rainier, has receded over the last century and exposed a
large amount of unstable soil. Destructive debris flows have
originated from these recently exposed areas (photo credit:

during a single debris flow. In other wikimedia.org).

words, around 30 — 70 years’ worth of background aggradation occurred in the span of a few
days (Beason and Kennard 2007).

High rates of aggradation can raise river channels to elevations above the nearby
landscape, so that one actually has to walk uphill to reach the river. For instance, the bed of the
White River is as much as 4.8m (16 feet) above the adjacent landscape which includes State
Route 410 (an important highway for Park workers and visitors), while the bed of the Nisqually
River is 8.8m (29 feet) above Longmire (one of the largest developed areas in the Park
containing lodging, offices and facilities for workers and visitors). Because of the elevated of
river channels, floods tend to be more severe because water can more easily spill over river
banks and down onto the surrounding landscape during high rainfall events (Beason and
Kennard 2007).

Mount Rainier experienced how damaging these hazards can be in November 2006 when
a major storm produced 46cm (18 inches) of rainfall in just 36 hours (NPS 2009b). The debris
flows and floods that ensued caused widespread damage throughout the Park, including
destroyed roads, trails, campgrounds, buildings and utility systems (NPS 2009b) (Figure 2). The
damage forced the Park to close for 6 months and total recovery costs have been estimated at
over $27 million (NPS 2009b). Although extraordinarily high rainfall set off the debris flows and
flooding, receding glaciers probably made these hazards more destructive than they would have
been otherwise (Beason and Kennard 2007).

Heavy rainfall is not the only force that can spark these debris flows and floods. As
glaciers melt, large lakes can form on top of or within the glaciers, held in place by ice dams.
These ice dams can eventually fail, releasing large amounts of water in a glacial outburst flood
(also known by the Icelandic term, jokulhlaup). Ice dam failures can be brought about by periods
of high rainfall or high temperatures when a large amount of meltwater is produced (Walder and
Driedger 1993). These floods can then spawn debris flows, creating serious threats to
downstream locations. Glacial outburst floods have occurred repeatedly within a number of the
glacier fed streams and rivers of Mount Rainier (Walder and Driedger 1993). A similar
phenomenon can occur when lakes form behind the terminal moraine of a receding glacier. The



moraines, which serve as dams for the lakes,
can fail and unleash large outburst floods that
lead to debris flows downstream. These types
of floods have occurred in several valleys that
have experienced glacial recession in western
North America (Moore et al. 2009).

As the climate continues to warm, the
glaciers of Mount Rainier will likely continue
to recede. This would lead to more unstable
soil becoming exposed, likely increasing the
frequency and intensity of debris flows
(O’Connor and Costa 1993, Evans and Clague
1994). In addition, the newly exposed soil will
probably lead to greater increases in the rate
of aggradation within Park rivers, further
increasing the risk of flooding (Beason and
Kennard 2007). Thus, climate change poses a
serious threat to the glaciers, rivers,
infrastructure (including buildings and roads
that are part of the Mount Rainier National
Historic Landmark District) and people of
Mount Rainier.

Air quality

Mount Rainier National Park is a
mandatory class 1 air quality area as defined
by the Clean Air Act, which means the Park
receives the highest level of air quality
protection. Air pollution mostly comes from
outside Park boundaries, particularly from the
Seattle-Tacoma metropolitan area. Air
pollutants that have been noted as a concern
for the Park include ground-level ozone,
sulfates, nitrates and fine particulates (NPS
2001). The concentration of some of these
pollutants may be altered by climate change.

Ground-level ozone
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Figure 2. Photos from Mount Rainier National Park
illustrating the impacts of the 2006 flood; a) The
Nisqually River at Longmire; b) Stevens Canyon Road;
c) State Route 123. Photo credits: (NPS 2009b).

Although ozone in the stratosphere is important for protecting humans and other
organisms from damaging ultraviolet radiation, ozone produced near the surface of the Earth can
have negative impacts on human health and ecosystem function. For humans, high
concentrations of ozone can cause both short and long term declines in lung function (Bernard et
al. 2001). Individuals working and exercising outside as well as those with respiratory illnesses




are especially at risk (Bernard et al. 2001). In addition, ground-level ozone is thought to be
responsible for over 90% of the damage to vegetation caused by air pollution because it disrupts
photosynthesis (Felzer et al. 2004).

Ground-level ozone is formed in the atmosphere by the reaction of nitrogen oxides with
volatile organic compounds in the presence of sunlight. Nitrogen oxides are emitted from natural
sources such as lightning and biological processes in the soil, as well as from human sources,
mostly the combustion of fossil fuels. Similarly, volatile organic compounds come from natural
sources such as vegetation, and from human sources including gasoline, refineries, chemical
plants, factories and various commercial products (e.g. paint, cleaning supplies, pesticides)
(Bernard et al. 2001). Thus, although ground-level ozone is produced in natural environments, it
reaches far higher concentrations because of industrial activities.

In the past few decades, elevated ozone concentrations have been recorded within the
Park, particularly at high elevation sites such as Paradise (NPS 2001, Brace and Peterson 1998,
Peterson et al. 1999). In fact, high elevation sites at Mount Rainier typically have greater average
concentrations of ozone than the Seattle-Tacoma metropolitan area and have experienced some
of the highest average concentrations of ozone in western Washington. These high
concentrations are thought to result from prevailing winds carrying ozone and its precursors from
urban areas in the Puget Sound Region to Mount Rainier (Peterson et al. 1999, Cooper and
Peterson 2000). Although the Pacific Northwest does not have the highest levels of ozone
pollution in the country (EPA 2006), recent decades have seen ozone levels in the region rise
above standards set by the US Environmental Protection Agency (EPA) (Barna et al. 2000).
Several species of plants in the Park have been shown to be sensitive to ozone pollution (Brace et
al. 1999) and vegetation within the Park, particularly at high elevations, is thought to be at risk of
ozone damage given current concentrations (Brace and Peterson 1998).

Climate change is expected to increase concentrations of ground-level ozone in the
Pacific Northwest and other regions because high concentrations of ozone are correlated with
high temperatures (Bernard et al. 2001, Peterson et al. 1999, Confalonieri et al. 2007, Jackson et
al. 2009, Chen et al. 2009). This correlation exists because higher temperatures increase the rates
at which nitrogen oxides and volatile organic compounds react in the atmosphere to form ozone,
and also increase natural emissions of nitrogen oxides (from the soil) and volatile organic
compounds (from vegetation) (Bernard et al. 2001).

However, it should be noted that regional ozone concentrations have declined in the last
decade (Jackson et al. 2009) and more stringent air quality standards regarding ground-level
ozone have been imposed (EPA 2008). But climate change, growing human populations and
expanded industrial activity may detract from or override these improvements. For example,
ground-level ozone pollution has been projected to increase by 28% by mid-century in King
County Washington (based on the IPCC A2 emissions scenario, which assumes high rates of
greenhouse gas emissions) (Jackson et al. 2009). Changes in pollutant emissions in nearby
metropolitan areas have the potential to impact air quality in the Park since ozone and its
precursor pollutants can travel hundreds of kilometers from their source and most of the Park’s
air pollution comes from the Puget Sound region (NPS 2001, Bernard et al. 2001). Thus,
although predicting future levels of ground-level ozone is difficult, climate change will likely
tend to increase the problem of ozone pollution.



Sulfates, nitrates and acid deposition

Levels of sulfates and nitrates are of concern to the Park because they are associated with
deposition of sulfuric and nitric acids, pollutants that increase the acidity of terrestrial and
aquatic environments. Increased acidity in terrestrial ecosystems can disrupt soil chemistry and
decrease plant growth and vigor, while increased acidity in aquatic systems can lead to
reductions in populations of fish and other organisms (Miller 2002). Past measurements at Mount
Rainier have found high sulfate levels relative to other Parks in the Pacific Northwest and
increasing levels of nitrates (NPS 2001). In fact, some of the lowest pH (highest acidity) readings
in the state have been observed at Paradise (NPS 2001).

Acid deposition is driven mostly by the combustion of fossil fuels, which results in the
emission of sulfur dioxide and nitrogen oxides into the atmosphere (though there are smaller,
natural sources of sulfur dioxide and nitrogen oxides) (Bernard et al. 2001). In the atmosphere,
the sulfur dioxide and nitrogen oxides react with oxygen and water vapor to form sulfuric and
nitric acids (which contain sulfates and nitrates, respectively). These acids and their precursors
can be transported hundreds of kilometers from their sources (Miller 2002).

Climate change is expected to increase rates of acid deposition because rising
temperatures will tend to accelerate the rates at which sulfur dioxide and nitrogen oxides are
converted to sulfuric and nitric acids which will increase the potential for acid deposition
(Bernard et al. 2001). However, there are many factors that affect acid deposition (including
economic and regulatory trends), which makes predicting the direction and magnitude of
changes in acid deposition difficult.

Fine particulates

Fine particulates are of concern to the Park because they decrease visibility (NPS 2001)
and have the potential to harm human health by negatively impacting the respiratory system
(Bernard et al. 2001). However, there is limited evidence available about the effects of climate
change on fine particulates, preventing any clear conclusions about how climate change may
impact fine particulate concentrations in the Park (Jackson et al. 2009).

Forests

Forests occupy about 60% of Mount Rainier National Park and span an elevational range
from around 500m (1640 ft) to approximately 1800m (5900 ft) (Franklin et al. 1988). However,
the species of trees that make up these forests differs drastically at different elevations. Lower
elevation forests are dominated by Douglas fir, western hemlock and western red cedar, while
higher elevation forests are mainly composed of Pacific silver fir, mountain hemlock and Alaska
yellow cedar (Franklin et al. 1988). The elevational stratification of tree species likely exists
because species that perform better in cooler environments dominate high elevation sites, while
species that perform better in warmer environments dominate low elevation sites, as species
abundance tends to vary predictably with temperature (and other climate variables) (Figure 3).
Thus, one would expect the area of land occupied by Mount Rainier’s tree species (the ranges of
these species) to shift upwards with warming.

This expectation of upward range shifts is supported by a study that reconstructed the last
6000 years of forest history at three sites at Mount Rainier by examining pollen and tree
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macrofossil samples deposited in pond sediments (Dunwiddie 1986). The study indicates that
lower elevation species were more abundant during warmer periods while higher elevation
species were more abundant during cooler periods, suggesting that the ranges of tree species at
Mount Rainier are sensitive to changes in climate. In addition, recent decades have seen an
increase in the background rates of tree mortality in Pacific Northwest forests, a trend thought to
be caused by higher temperatures and greater drought stress (van Mantgem et al. 2009). This
increased mortality has the potential to alter the structure, composition and productivity of
Mount Rainier’s forests. However, there was little change in the structure and composition of
mature forest stands between the mid-1970s and the mid-1990s, despite changes in climate
(Acker et al. 2006). This is not surprising, though, given the long lifetimes of the tree species in
the Park. Thus, climate change induced range shifts could be substantial but will likely be very
slow in the absence of major disturbances. In addition, a study of how climate affects tree growth
at Mount Rainier found that patterns in growth were well correlated with patterns in climate at
the highest elevations (near treeline) but not lower elevations, where tree growth was apparently
more strongly dictated by other factors (Ettinger et al. 2011). This could make responses of trees
to climate change idiosyncratic and difficult to predict.
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Figure 3. The relationship between tree species abundance and average annual temperature. Tree abundance is
measured in terms of the percentage of total tree basal area for the given species (basal area is the area of a cross
section of a tree’s trunk measured at 137cm, or 4.5ft, above the ground). Error bars show standard error. The
temperature data was produced by the PRISM climate model (Daly et al. 2008), while the data on tree abundance
came from surveys of forest plots around the Park (Franklin et al. 1988).

However, major disturbances do occur in the Park. Historically, fire has been the most
important disturbance and around 90% of the Park’s forest has arisen after fire, with pre-
European settlement fire return intervals of around 465 years (Franklin et al. 1988). Fire will
probably become more frequent in the future due to higher summer temperatures and decreased
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summer precipitation creating drier conditions, making fire more likely. However, statistically
based predictions of changes in fire regime cannot currently be made for forests in the western
Cascade Mountains because of the long fire return intervals (Littell et al. 2009). But periods in
the past with warmer temperatures were associated with a higher abundance of tree species that
tend colonize recently burned areas, suggesting that fires at Mount Rainier were more prevalent
during these periods (Dunwiddie 1986). Predicted changes in fire regime would likely alter forest
structure, composition and productivity, accelerate tree species range shifts, and create threats to
human lives and infrastructure (including buildings and roads that are part of the Mount Rainier
National Historic Landmark District) (Littell et al. 2009).

Subalpine and alpine meadows

The subalpine and alpine meadows of Mount Rainier National Park form a diverse and
ecologically important component of the Park’s flora, and protecting these plant communities is
important for maintaining biodiversity within the Park. For example, a majority of the Park’s
imperiled or rare plant species are found in subalpine or alpine environments. These meadows
also provide important habitat for wildlife such as mountain goats, white-tailed ptarmigans,
hoary marmots and the American pika (NPS 2001). In addition, the meadows are a popular
destination in the Park, with about 65% of visitors travelling to the meadows to view wildflowers
(NPS 2000).

Subalpine and alpine meadows are found at high elevations where temperatures are too
cold or snow covers the ground for too long for trees to grow. They are found between about
1650m and 2000m on the west side of the Park, and 1900m and 2200m on the east side. At lower
elevations, trees outcompete meadow species. At higher elevations, conditions are not suitable
for any plants to cover a large fraction of the ground, and only a few plants are able to establish
in sheltered “microhabitats.” Meadows are probably found at lower elevations on the west
compared to the east side of the Park because the west receives more snowfall, which shortens
the snow-free period of the year. Topographic features can also be important in determining the
distribution of these meadows. For example, in the subalpine zone of the Park, meadows are
typically found in depressions in the landscape (where large amounts of snow accumulate and
snow-free periods are short), while patches of trees occupy ridges where relatively little snow
accumulates and snow-free periods are longer.

These meadows are dynamic ecosystems. Trees, mostly subaIEine fir, have readily
invaded the subalpine meadows of the Park over the course of the 20" century in association
with warmer temperatures (Franklin et al. 1971, Henderson 1974, Rochefort and Peterson 1996).
These tree invasions have also been documented in a variety of other locations in the West
(reviewed in Rochefort et al. 1994) and the rest of the world (reviewed in Harsch et al. 2009),
though forest encroachment does not universally result when temperatures increase (Harsch et al.
2009). In addition, studies from Mount Rainier and other locations have shown that meadow
plant species are able to colonize new habitat that was previously covered by ice or bare ground
under favorable climatic conditions (Henderson 1974, Grabherr et al. 1994, Gottfried et al. 1999,
Walther et al. 2005, Pauli et al. 2007, Cannone et al. 2008). Thus, increasing temperatures could
cause the total geographic range of these meadows to shrink, expand or remain the same,
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depending on the relative rates at which meadow species colonize bare land and trees invade
meadows.

However, a general upward movement of the meadows will likely reduce the area of land
they occupy because there is less land at higher elevations due to the conical shape of mountains.
And although meadows occupying the flanks of the volcano have high elevation land available to
potentially colonize, meadows in the Park that occupy the peaks of lower elevation mountains
will have no “escape route.” Furthermore, forests might move into meadows faster than
meadows expand onto bare ground because the lack of well developed soil on bare ground could
slow the establishment of meadow plants, while trees would not face this constraint while
establishing in meadows. This difference in rates of establishment by trees and meadow plants
could also lead to meadows shrinking.

The length of the snow-free period is thought to be the primary determinant of whether
trees are able to establish in subalpine meadows or not, with longer snow-free periods favoring
establishment (Franklin et al. 1971). Higher temperatures are predicted to lead to reductions in
snow pack (Elsner et al. 2009) which would, in turn, likely lead to lengthened snow-free periods
and higher rates of tree establishment. Warmer temperatures during the growing season also
generally favor tree establishment (Rochefort et al. 1994), indicating that the higher temperatures
predicted for the Pacific Northwest (Mote and Salathé 2009) will also directly increase the rate
of tree invasion. However, trees also require adequate summer soil moisture to establish in
subalpine meadows (Rochefort et al. 1994). In the Pacific Northwest, precipitation is expected to
decrease in the summer (Mote and Salathé 2009), which, along with elevated temperature, would
increase drought stress experienced by tree seedlings. This elevated drought stress would tend to
lower rates of establishment.

Non-climatic factors also have the potential to help set the geographic range of these
meadows. For instance, animal grazing has the ability to either enhance or detract from tree
establishment, depending on the animal’s preference for tree or meadow forage, the impacts of
trampling on the soil and the potential of the animals to disperse tree seeds into meadows (Cairns
and Moen 2004). Fire also has the potential to expand the geographic distribution of subalpine
meadows, at least on a small scale and for a period of decades. The ability of fire to create or
maintain subalpine meadows has long been noted at Mount Rainier (Henderson 1974, Allen
1916, Griggs 1938, Stueve et al. 2009) as well as other locations (Kuramoto and Bliss 1970, Peet
1981, Shankman 1984). These studies have shown that high elevation trees are slow to
reestablish after fires and that forests can often take several decades to regenerate. In the
meantime, meadow vegetation predominates. Some of the past fires in the subalpine meadows of
Mount Rainier were lightning ignited or accidently set by humans, but early reports state that
other fires were intentionally lit by Yakama and Klickitat Native Americans to increase
huckleberry production, make the landscape easier to traverse, create forage for their horses and
improve deer hunting (Allen 1916, Mclintyre 1952). Thus, some of the forest encroachment into
subalpine meadows observed at Mount Rainier may be due to recovery of forest patches after
fire disturbance, and not necessarily the response of an established ecological boundary to
changes in climate.

The subalpine and alpine meadows of Mount Rainier are dynamic ecosystems and there
are many factors that determine their geographic ranges. However, large increases in temperature
and corresponding decreases in snowpack will, in all likelihood, lead to upward movement of the
meadows and a reduction in the area of land they occupy. The reduction in area occupied by the
meadows could lead to a loss of some of the meadow species from the Park.
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Species at risk

Virtually all of the species Mount Rainier supports will be affected by climate change in
some way. Many of these species will likely be at risk of decline within the Park and throughout
their range. In this section, I discuss in detail two species that could be in jeopardy: whitebark
pine and the American pika. These case studies exemplify the risks species face and the
complexities of predicting species responses to climate change. However, other species have
been identified as being vulnerable to climate change while others still are likely to be vulnerable
but have received little scientific attention. Thus, climate change will likely have profound
effects on the biological communities of the Park.

Whitebark pine

The whitebark pine (scientific name: Pinus albicaulis) is an important tree species at
Mount Rainier and in many mountainous regions of western North America because of its role in
shaping habitat and providing food (in the form of its large seeds) for a variety of animals. The
species is considered to be imperiled by climate change and other factors. Although far from
being the only plant species at risk because of climate change, the whitebark pine has received a
lot of focus because of its important role in many mountain ecosystems and provides a good
example of how climate change and other human-caused factors will affect plant species.

Background and non-climate change threats to the whitebark pine

The whitebark pine is prevalent at Mount Rainier and in many mountainous areas in
western North America. It is most abundant at dry, high elevation sites and is typically found on
the north and east sides of the Park at elevations above about 1500m (or about 5000ft) (Biek
2000). There are approximately 22,000 adult whitebark pines found throughout the Park
(Cottone and Ettl 2001).

Whitebark pine is considered a “foundation species” in certain subalpine ecosystems
because the large, nutrient rich seeds it produces are an important food resource for a number of
animal species (Ellison et al. 2005). Unlike most pines, which have seeds that are carried away
from the parent tree by the wind, whitebark pine seeds lack wings and primarily rely on a
mutualistic relationship with a bird called the Clark’s nutcracker for dispersal (Tomback et al.
2001). The cones of the whitebark pine generally remain closed until pried open by the beak of a
Clark’s nutcracker which eats the seeds or stores them in a pouch under its tongue for transport.
Clark’s nutcrackers can hold over 150 whitebark pine seeds in this pouch at a time. The bird then
caches these seeds for later consumption, but typically caches far more seeds than it can eat. The
forgone seeds can then germinate and grow into an adult tree. Clark’s nutcrackers often cache
these seeds at the sites of recent burns, allowing the whitebark pine to be one of the first trees to
colonize these disturbed sites. The caches are also an important food source for a variety of
animals, including bears and a number of small mammals (Tomback et al. 2001).

The whitebark pine currently faces a number of serious threats. One is a non-native
fungal disease introduced to North America in 1910 called the white pine blister rust (Tomback
et al. 2001). The blister rust soon spread throughout most of the range of the whitebark pine. The
pathogen was first discovered in Mount Rainier in 1928 on western white pines and was
observed on whitebark pines in 1937 (Rochefort 2008). In a survey conducted in the Park from
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1994-1999, Rochefort observed that 13.5% of whitebark pine trees were infected with the blister
rust and 33.4% were dead (presumably, but not necessarily, from the blister rust), while 24.3% of
whitebark pine saplings were infected and 8.6% were dead (2008). Given these high mortality
rates and the tree’s slow growth, the long-term persistence of the whitebark pine at Mount
Rainier is in question. Ettl and Cottone developed a model of whitebark pine populations at
Mount Rainier that predicts there will be less than 100 whitebark pine trees in the Park in 148
years given current demographic trends (2004) (Figure 4).

In addition, fire suppression may also be contributing to the decline of whitebark pine at
Mount Rainier. Whitebark pine tends to thrive in post-fire environments, but is often
outcompeted by other species, such as subalpine fir, in the absence of disturbance (Tomback et
al. 2001). However, a study of historical fire regimes at whitebark pine stands in the Park shows
a high degree of variability across the Park in terms of fire frequency (Siderius and Murray
2005). For instance, there was little to no evidence of fire at whitebark pine stands near the
volcano itself, suggesting that fire has not been responsible for maintaining these stands in the
past. But there was evidence of frequent fires (~50 year return intervals) at the stands around
Crystal and Deadwood Lakes along the eastern border of the Park, with a wide range of
severities. Fire may have played a significant role in sustaining whitebark pine populations at
these locations.

Climate change threats to the whitebark pine

Climate change creates yet more
potential threats to the whitebark pines at
Mount Rainier. One of these threats is a
potential increase in the likelihood and
severity of mountain pine beetle (MPB)
outbreaks. The MPB is an insect native to
North America that bores into pine trees to
lay eggs under the tree’s bark. When the eggs
hatch, the emerging larvae consume the
tree’s vascular tissue, and if the infestation
rate is high enough the beetles can girdle and
Kill the trees (Gibson et al. 2008). Currently
an unprecedented outbreak of the MPB is
occurring in British Columbia that has
destroyed over 130,000 square kilometers of
lodgepole pine forest, an area four times the
size of Vancouver Island (Ministry of
Forests, Lands and Natural Resource
Operations 2008).

The high elevation habitats of
whitebark pines have historically been too
cold to allow MPB populations to reach
epidemic proportions in most years (Logan
and Powell 2001). However, outbreaks have

occurred in whitebark pine stands in the past
in conjunction with above average

Figure 4. Patch of live and dead whitebark pines near
Sunrise. Photo credit: K.R. Ford.
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temperatures (Gibson et al. 2008). Higher temperatures are believed to enable MPB epidemics
because they increase the beetle’s survival rate and allow the insect to complete its life cycle in
one year (as opposed to the typical two at high elevations) (Logan and Powell 2001), leading to
large populations that can synchronously attack trees and override their defensive mechanisms
(Amman et al. 1997). Climate change is expected to increase the likelihood of high elevation
whitebark pine stands experiencing the warm temperatures amenable to MPB outbreaks (Logan
and Powell 2001). Consistent with this expectation is the observation in recent years that the
MPB has expanded its range to higher elevations in association with increasing temperatures
(Gibson et al. 2008).

However, at Mount Rainier the MPB has only rarely been observed in whitebark pine
stands and is not believed to be a major cause of mortality (Rochefort 2008). The lack of
infestation could be due in part to the absence of large stands of lodgepole pines in Mount
Rainier (Rochefort 2008). In areas with abundant lodgepole pine populations, outbreaks in stands
of these lower elevation trees can often “spill over” into higher elevation whitebark pine stands,
causing widespread whitebark pine mortality (Tomback et al. 2001). However, whitebark pine
stands can sustain MPB outbreaks even in the absence of neighboring lodgepole pine stands, if
the climate is suitable (Logan and Powell 2001). Thus, the MPB could become a serious threat to
whitebark pine stands at Mount Rainier as temperatures continue to rise (Rochefort 2008).

Climate change may also affect the severity of white pine blister rust infestations in
whitebark pine stands. Mortality from the blister rust declines with increasing elevation in the
Park, potentially because the shorter growing season at higher elevations reduces the rate at
which the pathogen can spread in the tree (Rochefort 2008). If climate change prolongs the
growing season, whitebark pines could experience increased mortality from the blister rust
(Rochefort 2008).

It is also important to note that these multiple stressors will not act alone, but instead will
likely interact synergistically to threaten whitebark pine populations. For example, whitebark
pines weakened by white pine blister rust and suffering from competition with trees that have
established in the absence of fire will be more likely to succumb to MPB infestations (Ellison et
al. 2005, Tomback et al. 2001). Due to this litany of threats, the International Union for
Conservation of Nature has listed the whitebark pine as “vulnerable” on its Red List of
Threatened Species (Reuling 2008) while the Natural Resource Defense Council has petitioned
for the species to be listed as endangered under the Endangered Species Act (NRDC 2008). The
US Fish and Wildlife Service reviewed the status of the whitebark pine and determined that
listing the species is warranted. However, the US Fish and Wildlife Service cannot currently
place whitebark pine on the endangered or threatened species lists because of higher priority
actions (US Fish and Wildlife Service 2011).

It is also possible that whitebark pines could be favored, to some extent, by the potential
increase in fire frequency due to climate change because fires create good opportunities for
whitebark pine establishment. However, the benefits of increased establishment could be
outweighed by the costs of tree mortality if the disturbances tend to be high intensity stand-
replacing crown fires as opposed to low intensity surface fires.

Even in the absence of climate change, the whitebark pine would face several threats to
its existence. Future climate change will likely exacerbate these other threats and create new
ones, making the long-term persistence of this already imperiled species even less certain.
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The American pika

The American pika (scientific name: Ochotona princeps) is a small mammal that lives at
high elevations at Mount Rainier National Park and in cold environments at many locations in
western North America from the southwestern United States to British Columbia and Alberta in
Canada. The species could face serious threats from a changing climate. Though far from the
only wildlife species to be threatened by climate change, the vulnerability of the pika to warming
has been the focus of several recent studies and legal actions. Thus, the pika provides a useful
case study for how animal species in mountainous habitats such as at Mount Rainier may
respond to climate change.

Pikas are solitary and territorial animals that maintain dens in piles of boulders and
rocks, and forage in the surrounding vegetation (typically alpine and subalpine meadows).
During the summer, pikas directly consume plants in the meadows, but also bring some of this
vegetation back to their dens to create stockpiles of food called haypiles (Smith and Weston
1990). The pika has been considered a “keystone species” in high elevation meadows because its
grazing appears to have a large effect on the species composition of these plant communities,
particularly in its ability to enhance the persistence of cushion plants (Huntly 1987, Power et al.
1996). These animals remain in the same high elevation territories year round (Smith and
Weston 1990). They do not hibernate in the winter and must feed on surrounding vegetation
(which they can access via snow tunnels) or on haypiles in their dens (that they build up during
the summer) to survive (Smith and Weston 1990). In fact, pikas have been known to cache plants
with high levels of toxins, wait until late in the winter when these toxins have degraded and then
consume the now palatable plants. In the meantime, the toxins have slowed plant decomposition
and helped provide a long-lasting food supply for the pika. In this way, the pikas have apparently
co-opted the plant toxins (presumably an anti-herbivore defense) for food preservation (Dearing
1997).

Climate change could pose serious threats to the pika. These mammals have very low
heat tolerance and exposure to temperatures between 26°C and 29°C (79°F and 84°F) for several
hours can be lethal (Smith 1974a, MacArthur and Wang 1973). Given this low tolerance, higher
summer temperatures could result in portions of the pika’s current range becoming uninhabitable
as lethal temperatures become more common (Beever et al. 2003). High temperatures have also
been correlated with altered activity levels that force pikas to forego their typical midday
foraging (Smith 1974a). Elevated summer temperatures brought about by climate change could
reduce the amount time pikas can forage during the day, potentially preventing them from
gaining sufficient biomass or collecting sufficient hay to survive the winter (Beever et al. 2003).
The reduced foraging opportunities could be especially harmful to pikas given their high
metabolic rate (pikas must fill their stomachs nine times a day to meet their energy demands)
(Smith and Weston 1990).

It seems likely that higher temperatures would force pikas upward in elevation and
northward in latitude. The results of a study in Yosemite National Park supported this
expectation by documenting a 153 meter increase in the lower elevational limit of the pika since
the early 20™ century, in association with rising temperatures (Moritz et al. 2008). Similarly,
Grayson 2005 estimated that the average elevation of pikas in the Great Basin region of the
Southwestern US has increased by 152 meters in recent times (2005). This trend will likely
decrease the amount of habitat available to pikas, since there is less land at higher elevations or
no land at all if pika populations already occupy a summit. In addition, pikas would likely have
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difficulty moving northward from one mountain peak to another due to their limited dispersal
ability — maximum dispersal distances are typically 3 kilometers (Smith 1974b) and dispersal
across warm, low elevation lands are particularly unlikely (Smith 1974a). Perhaps a testament to
their limited dispersal abilities, pikas are not found in the Olympic Mountains despite being
common in the nearby Cascade Mountains, presumably because they have not been able to cross
the warm, unsuitable Puget Sound lowlands which separate these two mountain ranges.

Results from a series of studies of pika populations in the Great Basin are consistent with
the expectation that pikas will be vulnerable to climate change. Beever et al. 2011 have re-
surveyed 25 sites in the Great Basin where pika populations had been observed at some point
during the 20™ century and found that ten have apparently been extirpated (died out), including
four since 1999 (2011). Extirpated sites tended to be at low elevations (relative to latitude) and to
have high summer temperatures compared to surviving populations (Beever et al. 2003, Beever
et al. 2011, Beever et al. 2010, Wilkening et al. 2011), suggesting that pikas are sensitive to high
temperatures and that documented warming trends might have played a role in these extirpations.

However, summer temperature is probably not the only factor governing pika extirpations
in the Great Basin. Extirpated sites tended to experience more days during the winter with
extremely low temperatures (less than -10°C or 14°F) within the rock piles where pikas make
their dens (Beever et al. 2011, Beever et al. 2010). Sites likely experienced these extremely low
temperatures because of a lack of snow cover that can insulate the rock piles and maintain
temperatures around the freezing point, a relatively high temperature during winter in these high
elevation environments. These extremely low temperatures are likely stressful for pikas and
could increase mortality. Livestock grazing and being outside of designated wilderness areas
were also correlated with pika extirpations, indicating that climate is not the only factor
important in determining the persistence of pika populations. In fact, a new population of pikas
was recently discovered in the Great Basin at a low elevation, high temperature site, showing
that there is not a strict relationship between pikas and climate (Beever et al. 2008).

But in spite of these complicating factors, one of the main messages to come out of this
research is that pikas are sensitive to warming and appear to be declining in the Great Basin.
Furthermore, these trends might be representative of the threats the species faces throughout its
range. This view is bolstered by a study in which (Galbreath et al. 2009) created computer
models of the climate pikas tend to occur in (the pika’s climate envelope) and found that the area
of land in western North America that experiences this climate will likely shrink dramatically
given projections of warming for the 21* century. Presumably, this reduction in the pika’s
climate envelope will lead to a reduction in pika population size. These concerns for pika
populations led the Center for Biological Diversity (CBD) to petition to have the species listed as
“threatened” under the US Endangered Species Act (CBD 2007).

However, there are several lines of evidence that suggest the species as a whole may be
well suited to cope with climate change. For example, Millar and Westfall recently surveyed a
large number of sites in the Sierra Nevada Mountains, as well as parts of the Great Basin and
Oregon Cascade Mountains, and found a large number of pika populations, suggesting that the
species is currently abundant in this region (2010). In addition, they found that pikas currently
occur in a wide range of elevations and experience a wide range of temperatures. However, the
authors did find that sites with suitable pika habitat (i.e. large rock piles) but without pikas were
substantially warmer than sites currently occupied by pikas. Together, these data suggest that
although climate change could make some current pika habitat too warm for pikas to persist, it is
unlikely that it could make all currently occupied sites too warm for the species. Pikas have also
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been known to adjust their behavior to cope with high temperatures by resting inside shady rock
piles during hot weather (MacArthur and Wang 1974) and shifting their foraging to cooler times
of day, and have even been observed foraging at night when daytime temperatures are high
(Smith 1974a). This behavioral flexibility could aid the pika in surviving a warmer world.

Citing the lack of evidence that the species as a whole, or any of its five subspecies, will
likely be driven to extinction by climate change (at least in the “foreseeable future”) the US Fish
and Wildlife service found that protection of the pika under the Endangered Species Act is not
currently warranted (US Fish and Wildlife Service 2010). However, this does not mean the pika
is free from danger. Certain populations may still be extirpated by climate change, and the status
of the species beyond the foreseeable future (which the US Fish and Wildlife Service defined as
being the middle of the 21% century) is uncertain. Thus, unmitigated climate change could still
very well pose a threat to the pika.

Given the challenges faced by the pika in this period of rapid climate change, Mount
Rainier will likely become an increasingly important refuge for the species. The non-climate
stressors experienced by pikas (livestock grazing and recreational hunting) are not present in the
Park (Beever et al. 2003, Beever et al. 2011). In addition, Mount Rainier has an abundance of
rock piles and boulder fields at high elevations, which serve as important, cool shelters for pikas
that will likely be critical for surviving a warmer climate (Beever et al. 2011, Millar and Westfall
2010). Thus, if pikas populations do rapidly decline because of climate change in the region,
Mount Rainier would likely be one of the best remaining habitats for the species and could
become increasingly important for the species’ survival. In fact, Mount Rainier’s abundance of
high elevation lands and protected wilderness will likely make the Park an important refuge for
many of the region’s mountain-dwelling species in a warming world.

Other species potentially at risk

There are several other species present at Mount Rainier National Park that are thought to
be at risk due to climate change that |1 would like to briefly discuss. One is the bull trout, a
“threatened” species under the Endangered Species Act that depends on cold water for spawning
and early rearing. Climate is thought to strongly limit the geographic distribution of this fish, and
climate change is expected to result in a large loss of habitable area (Rieman et al. 2007). The
“threatened” Puget Sound population of Chinook salmon, which are thought to occur in the Park
in small numbers (NPS 2001), could also be harmed by changes in stream temperature and
increased flooding that are predicted to accompany climate change (Mantua et al. 2009). In
addition, it has been speculated that other alpine animals, besides the American pika (discussed
above), will be sensitive to climate change because of the possible reduction and fragmentation
of alpine habitat. These species include the mountain goat, white-tailed ptarmigan and hoary
marmot (Martin 2001). And there are still other species in the Park which have been identified as
potentially vulnerable to climate change, but have not been discussed here. Furthermore, species
not known to be seriously at risk could in fact be threatened by climate change for currently
unidentified reasons. Climate plays an important role in the life history of virtually every species,
so an exhaustive list of species that will be positively or negatively affected by climate change is
probably impossible to create.
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Conclusions

Climate change will likely create or exacerbate a variety of problems for conserving the
resources and values of Mount Rainier National Park. A number of these problems will probably
be unprecedented in the history of the Park. Many of the geological, biological, cultural and
historical features that the Park was created to protect will be at risk of degradation or
elimination. Preservation of these resources will require a combination of global scale actions to
reduce greenhouse gas emissions and local efforts in the Park to adapt to the changes likely to
take place this century. However, climate change will pose these threats to natural resources
everywhere. In general, these resources will probably be best preserved within protected areas
such as Mount Rainier where there are fewer direct threats from human activity (i.e. habitat
destruction). The high elevation habitats of the Park will also sustain relatively cool climates that
will become progressively more rare in the lower elevation landscapes surrounding the volcano,
making Mount Rainier an increasingly important refuge for cold-adapted species. In an age of
rapid warming, Mount Rainier is more important than ever for preserving the region’s natural
resources and biodiversity.

Further reading

Below is a list of additional sources of information about climate change and its impacts.

Mount Rainier Climate Friendly Parks Action Plan:
nps.gov/climatefriendlyparks/parks/MORA.html

The Washington Climate Change Impacts Assessment:
cses.washington.edu/cig/res/ia/waccia.shtml

The Intergovernmental Panel on Climate Change:
ipcc.ch

Acknowledgements

I would like to acknowledge the people who helped make this report possible. Catharine
Thompson, Jerry Franklin, Regina Rochefort and Lou Whiteaker provided data on plant
distributions, abundances and statuses within the Park. Lesley Jantarasami, Kelsey McDuffee,
Bayta Maring and Janneke Hille Ris Lambers all helped develop the ideas in the report. Larry
Workman provided the wonderful cover photo. | would also like to thank Lee Taylor and Lee
Snook for the idea and opportunity to create this report for the Park, and the organizers of the
Mount Rainier Climate Friendly Parks workshop, where | was able to learn about many of the
topics included in this report. While working on this project, | was supported by the University
of Washington Program on Climate Change, the Seattle chapter of the ARCS Foundation and the
National Science Foundation Graduate Research Fellowship Program.

20


http://www.nps.gov/climatefriendlyparks/parks/MORA.html
http://cses.washington.edu/cig/res/ia/waccia.shtml
http://www.ipcc.ch/

References

Acker S. A., J. F. Franklin, S. E. Greene, T. B. Thomas, R. Van Pelt, and K. J. Bible. 2006. Two
decades of stability and change in old-growth forest at Mount Rainier National Park.
Northwest Science 80:65-72.

Allen GF. The Forests of Mount Rainier National Park. Department of the Interior, Washington
DC: 1916.

Amman GD, McGregor MD, Dolph RE. Mountain Pine Beetle. USDA Forest Service, Pacific
Northwest Region; Portland, OR: 1997.

Ballantyne C. K. 2002. Paraglacial geomorphology. Quaternary Science Reviews 21:1935-2017.

Barna M., B. Lamb, S. O'Neill, H. Westberg, C. Figueroa-Kaminsky, S. Otterson, C. Bowman,
and J. DeMay. 2000. Modeling ozone formation and transport in the Cascadia region of the
Pacific Northwest. Journal of Applied Meteorology 39:349-366.

Beason SR, Kennard PM. Environmental and ecological implications of aggradation in braided
rivers at Mount Rainier National Park. NPS Natural Resource Year in Review - 2006. 2007.

Beever E. A., P. E. Brussard, and J. Berger. 2003. Patterns of apparent extirpation among
isolated populations of pikas (Ochotona princeps) in the Great Basin. Journal of
Mammalogy 84:37-54.

Beever E. A., C. Ray, P. W. Mote, and J. L. Wilkening. 2010. Testing alternative models of
climate-mediated extirpations. Ecological Applications 20:164-178.

Beever E. A., C. Ray, J. L. Wilkening, P. F. Brussard, and P. W. Mote. 2011. Contemporary
climate change alters the pace and drivers of extinction. Global Change Biology 17:2054-
2070.

Beever E. A., J. L. Wilkening, D. E. Mclvor, S. S. Weber, and P. E. Brussard. 2008. American
pikas (Ochotona princeps) in northwestern Nevada: A newly discovered population at a
low-elevation site. Western North American Naturalist 68:8-14.

Bernard S. M., J. M. Samet, A. Grambsch, K. L. Ebi, and I. Romieu. 2001. The potential impacts
of climate variability and change on air pollution-related health effects in the United States.
Environmental Health Perspectives 109:199-209.

Biek D. 2000. Flora of Mount Rainier National Park. Oregon State University Press, Corvalis,
OR.

21



Brace S, Peterson DL, Bowers D. A guide to ozone injury in vascular plants of the Pacific
Northwest. General Technical Report. PNW-GTR-446. US Department of Agriculture,
Forest Service, Pacific Northwest Research Station; 1999.

Brace S., D. L. Peterson. 1998. Spatial patterns of tropospheric ozone in the Mount Rainier
region of the cascade mountains, USA. Atmospheric Environment 32:3629-3637.

Cairns D. M., J. Moen. 2004. Herbivory influences tree lines. Journal of Ecology 92:1019-1024.

Cannone N., G. Diolaiuti, M. Guglielmin, and C. Smiraglia. 2008. Accelerating climate change
impacts on alpine glacier forefield ecosystems in the European Alps. Ecological
Applications 18:637-648.

CBD. 2007. Petition to list the American pika (Ochotona princeps) as threatened or endangered
under the United States Endangered Species Act.
<www.biologicaldiversity.org/species/mammals/American_pika/pdfs/American-pika-
federal-petition-10-01-2007.pdf>

Chen J., J. Avise, B. Lamb, E. Salathe, C. Mass, A. Guenther, C. Wiedinmyer, J. -. Lamarque, S.
O'Neill, D. McKenzie, and N. Larkin. 2009. The effects of global changes upon regional
ozone pollution in the United States. Atmospheric Chemistry and Physics 9:1125-1141.

Confalonieri U., B. Menne, R. Akhtar, K. L. Ebi, M. Hauengue, R. S. Kovats, B. Revich, and A.
Woodward. 2007. Human health. In M. L. Parry, O. F. Canziani, J. P. Palutikof, P. J. van
der Linden, and C. E. Hanson, editors. Climate Change 2007: Impacts, Adaptation and
Vulnerability. Contribution of Working Group Il to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, UK
and New York, NY, USA.

Cooper S. M., D. L. Peterson. 2000. Spatial distribution of tropospheric ozone in western
Washington, USA. Environmental Pollution 107:339-347.

Cottone N., G. J. Ettl. 2001. Estimating populations of whitebark pine in Mount Rainier National
Park, Washington, using aerial photography. Northwest Science 75:397-406.

Daly C., M. Halbleib, J. I. Smith, W. P. Gibson, M. K. Doggett, G. H. Taylor, J. Curtis, and P. P.
Pasteris. 2008. Physiographically sensitive mapping of climatological temperature and
precipitation across the conterminous United States. International Journal of Climatology
28:2031-2064.

Dearing M. D. 1997. The manipulation of plant toxins by a food-hoarding herbivore, Ochotona
princeps. Ecology 78:774-781.

Dunwiddie P. W. 1986. A 6000-Year Record of Forest History on Mount-Rainier, Washington.
Ecology 67:58-68.

22



Ellison A. M., M. S. Bank, B. D. Clinton, E. A. Colburn, K. Elliott, C. R. Ford, D. R. Foster, B.
D. Kloeppel, J. D. Knoepp, G. M. Lovett, J. Mohan, D. A. Orwig, N. L. Rodenhouse, W. V.
Sobczak, K. A. Stinson, J. K. Stone, C. M. Swan, J. Thompson, B. Von Holle, and J. R.
Webster. 2005. Loss of foundation species: consequences for the structure and dynamics of
forested ecosystems. Frontiers in Ecology and the Environment 3:479-486.

Elsner M. M., L. Cuo, N. Voisin, J. S. Deems, A. F. Hamlet, J. A. Vano, K. E. B. Mickelson, S.
Lee, and D. P. Lettenmaier. 2009. Implications of 21% century climate change for the
hydrology of Washington State. In J. Littell, M. M. Elsner, L. W. Binder, and A. Snover,
editors. The Washington Climate Change Impacts Assessment, Climate Impacts Group,
Center for Science in the Earth System, Joint Institute for the Study of the Atmosphere and
Oceans, University of Washington, Seattle, WA.

EPA. 2008. National Ambient Air Quality Standards for Ozone; Final Rule. Federal Register
73(60). < http://www.epa.gov/EPAAIR/2008/March/Day-27/a5645.pdf>

EPA. Air Quality Criteria for Ozone and Related Photochemical Oxidants. Research Triangle
Park, NC: National Center for Environmental Assessment-RTP Office, Office of Research
and Development, U.S. Environmental Protection Agency; 2006. Report nr EPA 600/R-
05/004aF.

Ettinger A. K., K. R. Ford, and J. HilleRisLambers. 2011. Climate determines upper, but not
lower, altitudinal range limits of Pacific Northwest conifers. Ecology 92:1323-1331.

Ettl G. J., N. Cottone. 2004. Whitebark pine (Pinus albicaulis) in Mt. Rainier National Park,
Washington, USA: response to blister rust infection. In H. R. Akcakaya, M. A. Burgman, O.
Kindvall, C. C. Wood, P. Sjogren-Gulve, J. Hatfield, and M. A. McCarthy, editors. Species
Conservation and Management: Case Studies, Oxford University Press, New York, NY.

Evans S. G., J. J. Clague. 1994. Recent Climatic-Change and Catastrophic Geomorphic
Processes in Mountain Environments. Geomorphology 10:107-128.

Felzer B., D. Kicklighter, J. Melillo, C. Wang, Q. Zhuang, and R. Prinn. 2004. Effects of ozone
on net primary production and carbon sequestration in the conterminous United States using
a biogeochemistry model. Tellus Series B-Chemical and Physical Meteorology 56:230-248.

Franklin J. F., W. H. Moir, G. W. Douglas, and C. Wiberg. 1971. Invasion of Subalpine
Meadows by Trees in the Cascade Range, Washington and Oregon. Arctic and Alpine
Research 3:215-224.

Franklin JF, Moir WH, Hemstrom MA, Greene SE, Smith BG. The forest communities of Mount

Rainier National Park. US Department of the Interior, National Park Service; Washington,
DC: 1988.

23



Galbreath K. E., D. J. Hafner, and K. R. Zamudio. 2009. When Cold is Better: Climate-Driven
Elevation Shifts Yield Complex Patterns of Diversification and Demography in an Alpine
Specialist (American Pika, Ochotona Princeps). Evolution 63:2848-2863.

Gibson K, Skov K, Kegley S, Jorgensen C, Smith S, Witcosky J. Mountain pines beetle impacts
in high-elevation five-needle pines: current trends and challenges. USDA Forest Service,
Forest Health Protection; 2008. Report nr R1-08-020.

Gottfried M., H. Pauli, K. Reiter, and G. Grabherr. 1999. A fine-scaled predictive model for
changes in species distribution patterns of high mountain plants induced by climate
warming. Diversity and Distributions 5:241-251.

Grabherr G., M. Gottfried, and H. Pauli. 1994. Climate Effects on Mountain Plants. Nature
369:448-448.

Grayson D. K. 2005. A brief history of Great Basin pikas. Journal of Biogeography 32:2103-
2111.

Griggs R. F. 1938. Timberlines in the northern Rocky Mountains. Ecology 19:548-564.

Harsch M. A., P. E. Hulme, M. S. McGlone, and R. P. Duncan. 2009. Are treelines advancing? A
global meta-analysis of treeline response to climate warming. Ecology Letters 12:1040-
1049.

Henderson JA. Composition, distribution, and succession of subalpine meadows in Mount
Rainier National Park. PhD thesis. Oregon State University; 1974.

Huntly N. J. 1987. Influence of Refuging Consumers (Pikas - Ochotona-Princeps) on Sub-
Alpine Meadow Vegetation. Ecology 68:274-283.

IPCC. 2007. Summary for Policymakers. In S. Solomon, D. Qin, M. Manning, Z. Chen, M.
Marquis, K. B. Averyt, M. Tignor, and H. L. Miller, editors. Climate Change 2007: The
Physical Science Basis. Contribution of Working Group | to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, UK and New York, NY, USA.

Jackson J. E., M. G. Yost, C. Karr, C. Fitzpatrick, B. K. Lamb, S. H. Chung, J. Chen, J. Avise, R.
A. Rosenblatt, and R. A. Fenske. 2009. Public health impacts of climate change in
Washington State: projected mortality risks due to heat events and air pollution. In J. Littell,
M. M. Elsner, L. W. Binder, and A. Snover, editors. The Washington Climate Change
Impacts Assessment, Climate Impacts Group, Center for Science in the Earth System, Joint

Institute for the Study of the Atmosphere and Oceans, University of Washington, Seattle,
WA.

Kuramoto R. T., L. C. Bliss. 1970. Ecology of Subalpine Meadows in Olympic-Mountains,
Washington. Ecological Monographs 40:317-347.

24



Lemke P., J. Ren, R. B. Alley, I. Allison, J. Carrasco, G. Flato, Y. Fujii, G. Kaser, P. Mote, R. H.
Thomas, and T. Zhang. 2007. Observations: Changes in Snow, Ice and Frozen Ground. In S.
Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt, M. Tignor, and H. L.
Miller, editors. Climate Change 2007: The Physical Science Basis. Contribution of Working
Group | to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change, Cambridge University Press, Cambridge, UK and New York, NY, USA.

Littell J. S., E. E. Oneil, D. McKenzie, J. A. Hicke, J. A. Lutz, R. A. Norheim, and M. M. Elsner.
2009. Forest ecosystems, disturbance, and climatic change in Washington State, USA. In J.
Littell, M. M. Elsner, L. W. Binder, and A. Snover, editors. The Washington Climate
Change Impacts Assessment, Climate Impacts Group, Center for Science in the Earth
System, Joint Institute for the Study of the Atmosphere and Oceans, University of
Washington, Seattle, WA.

Logan J. A., J. A. Powell. 2001. Ghost forests, global warming, and the mountain pine beetle
(Coleoptera: Scolytidae). American Entomologist 47:160-173.

MacArthur R. A., L. C. H. Wang. 1974. Behavioral Thermoregulation in Pika Ochotona-
Princeps - Field Study using Radiotelemetry. Canadian Journal of Zoology-Revue
Canadienne De Zoologie 52:353-358.

MacArthur R. A., L. C. H. Wang. 1973. Physiology of Thermoregulation in Pika, Ochotona-
Princeps. Canadian Journal of Zoology-Revue Canadienne De Zoologie 51:11-16.

Mantua N., I. Tohver, and A. Hamlet. 2009. Impacts of climate change on key aspects of
freshwater salmon habitat in Washington State. In J. Littell, M. M. Elsner, L. W. Binder,
and A. Snover, editors. The Washington Climate Change Impacts Assessment, Climate
Impacts Group, Center for Science in the Earth System, Joint Institute for the Study of the
Atmosphere and Oceans, University of Washington, Seattle, WA.

Martin K. 2001. Wildlife in alpine and subalpine habitats. In D. H. Johnson and T. A. O'Neil,
editors. Wildlife-habitat relationships in Oregon and Washington, Oregon State University
Press, Corvallis, OR.

Mclintyre RN. Short history of Mount Rainier National Park. Unpublished report on file at Mount
Rainier National Park, Washington; 1952.

Millar C. I., R. D. Westfall. 2010. Distribution and Climatic Relationships of the American Pika
(Ochotona princeps) in the Sierra Nevada and Western Great Basin, USA,; Periglacial
Landforms as Refugia in Warming Climates. Arctic Antarctic and Alpine Research 42:76-
88.

Miller G. T. 2002. Living in the Environment: principles, connections, and solutions. Thomson
Learning, Belmont, CA.

25



Ministry of Forests, Lands and Natural Resource Operations. 2006-2011 Mountain Pine Beetle
Action Plan, 2008 Progress Report. 2008.

Moore R. D., S. W. Fleming, B. Menounos, R. Wheate, A. Fountain, K. Stahl, K. Holm, and M.
Jakob. 2009. Glacier change in western North America: influences on hydrology,
geomorphic hazards and water quality. Hydrological Processes 23:42-61.

Moritz C., J. L. Patton, C. J. Conroy, J. L. Parra, G. C. White, and S. R. Beissinger. 2008. Impact
of a century of climate change on small-mammal communities in Yosemite National Park,
USA. Science 322:261-264.

Mote P., E. P. Salathé. 2009. Future Climate in the Pacific Northwest. In M. M. Elsner, J. Littell,
and L. W. Binder, editors. The Washington Climate Change Impacts Assessment, Climate
Impacts Group, Center for Science in the Earth System, Joint Institute for the Study of the
Atmosphere and Oceans, University of Washington, Seattle, WA.

NPS. 2009a. Mount Rainier Glacier Monitoring.
<www.nps.gov/mora/naturescience/upload/Glacier%20Report%2009.pdf>

NPS. 2009b. The Flood of 2006 Report.
<www.nps.gov/mora/parkmgmt/upload/2006%20Flood%20Report%20Final%20Web.pdf>

NPS. 2001. Mount Rainier National Park Final General Management Plan and Environmental
Impact Statement. <www.nps.gov/mora/parkmgmt/upload/moragmp.pdf>

NPS. 2000. Mount Rainier National Park Visitor Study.
<www.nps.gov/mora/parkmgmt/index.htm#survey>

NRDC. 2008. A petition to list the whitebark pine, Pinus albicaulis, as an endangered species
under the Endangered Species Act.
<http://docs.nrdc.org/legislation/files/leg_08120801a.pdf>

Nylen T. H. 2004. Spatial and temporal variations of glaciers (1913-1994) on Mt. Rainier and the
relation with climate. Masters Thesis, Portland State University.

O’Connor J. E., J. E. Costa. 1993. Geologic and Hydrologic Hazards in Glacierized Basins in
North America Resulting from 19th and 20th Century Global Warming. Natural Hazards
8:121-140.

Pauli H., M. Gottfried, K. Reiter, C. Klettner, and G. Grabherr. 2007. Signals of range
expansions and contractions of vascular plants in the high Alps: observations (1994-2004) at
the GLORIA*master site Schrankogel, Tyrol, Austria. Global Change Biology 13:147-156.

Peet R. K. 1981. Forest Vegetation of the Colorado Front Range - Composition and Dynamics.
Vegetatio 45:3-75.

26



Peterson D. L., D. Bowers, and S. Brace. 1999. Tropospheric ozone in the Nisqually River
drainage, Mount Rainier National Park. Northwest Science 73:241-254.

Power M. E., D. Tilman, J. A. Estes, B. A. Menge, W. J. Bond, L. S. Mills, G. Daily, J. C.
Castilla, J. Lubchenco, and R. T. Paine. 1996. Challenges in the quest for keystones.
Bioscience 46:609-620.

Reuling M. 2008. Pinus albicaulis. In IUCN 2010. IUCN Red List of Threatened Species. <
<www.iucnredlist.org>

Rieman B. E., D. Isaak, S. Adams, D. Horan, D. Nagel, C. Luce, and D. Myers. 2007.
Anticipated climate warming effects on bull trout habitats and populations across the
interior Columbia River basin. Transactions of the American Fisheries Society 136:1552-
1565.

Rochefort R. M., R. L. Little, A. Woodward, and D. L. Peterson. 1994. Changes in sub-alpine
tree distribution in western North America: a review of climatic and other causal factors.
Holocene 4:89-100.

Rochefort R. M., D. L. Peterson. 1996. Temporal and spatial distribution of trees in subalpine
meadows of Mount Rainier National Park, Washington, USA. Arctic and Alpine Research
28:52-59.

Rochefort R. M. 2008. The influence of white pine blister rust (Cronartium ribicola) on
whitebark pine (Pinus albicaulis) in Mount Rainier National Park and North Cascades
National Park Service Complex, Washington. Natural Areas Journal 28:290-298.

Shankman D. 1984. Tree Regeneration Following Fire as Evidence of Timberline Stability in the
Colorado Front Range, USA. Arctic and Alpine Research 16:413-417.

Siderius J, Murray MP. Fire Knowledge for Managing Cascadian Whitebark Pine Ecosystems.
Final Report to the Joint Fire Sciences Program. Joint Fire Sciences Program; 2005. Report
nr #0B-3-3-26.

Smith A. T., M. L. Weston. 1990. Ochotona princeps. Mammalian Species 352:1-8.

Smith A. T. 1974a. Distribution and Dispersal of Pikas - Influences of Behavior and Climate.
Ecology 55:1368-1376.

Smith A. T. 1974b. Distribution and Dispersal of Pikas - Consequences of Insular Population
Structure. Ecology 55:1112-1119.

Stueve K. M., D. L. Cerney, R. M. Rochefort, and L. L. Kurth. 2009. Post-fire tree establishment

patterns at the alpine treeline ecotone: Mount Rainier National Park, Washington, USA.
Journal of Vegetation Science 20:107-120.

27



Tomback D. F., S. F. Arno, and R. E. Keane. 2001. Whitebark Pine Communities: Ecology and
Restoration. Island Press, Washington, DC.

US Fish and Wildlife Service. 2011. 12-month Finding on a Petition to List Pinus albicaulis as
Endangered or Threatened with Critical Habitat. Docket No. FWS—-R6-ES—-2010-0047.
<http://www.gpo.gov/fdsys/pkg/FR-2011-07-19/pdf/2011-17943.pdf>

US Fish and Wildlife Service. 2010. 12-month Finding on a Petition to List the American Pika as
Threatened or Endangered. Federal Register, 74: 6438-6471.
<http://www.gpo.gov/fdsys/pkg/FR-2010-02-09/pdf/2010-2405.pdf#page=1>

van Mantgem P. J., N. L. Stephenson, J. C. Byrne, L. D. Daniels, J. F. Franklin, P. Z. Fule, M. E.
Harmon, A. J. Larson, J. M. Smith, A. H. Taylor, and T. T. Veblen. 2009. Widespread
Increase of Tree Mortality Rates in the Western United States. Science 323:521-524.

Walder J, Driedger C. Glacier-generated debris flows at Mount Rainier. U.S. Geological Survey
Open-File Report. 1993. Report nr 93-124.

Walther G. R., S. Beissner, and C. A. Burga. 2005. Trends in the upward shift of alpine plants.
Journal of Vegetation Science 16:541-548.

Wilkening J. L., C. Ray, E. A. Beever, and P. F. Brussard. 2011. Modeling contemporary range

retraction in Great Basin pikas (Ochotona princeps) using data on microclimate and
microhabitat. Quaternary International 235:77-88.

28



