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Introduction

The Western Mountain Initiative (WMI), a consortium of
research groups in the Western United States, focuses on
understanding and predicting responses—especially sensi-
tivities, thresholds, resistance, and resilience—of mountain
ecosystems to climatic variability and change (Peterson et
al. 2012). The WMI addresses how climatic variability and
change influence forest processes, disturbance dynamics,
hydrologic changes, and hydroecological interactions in
five bioregions: Pacific Northwest, Sierra Nevada, Northern
Rocky Mountains, Central Rocky Mountains, and South-
ern Rocky Mountains. A guiding theme of WMI research

is understanding the linkages among these processes. This
focus on linkages (e.g., climate change affects disturbance
regimes, hence vegetation, hence erosion) and the depth and
breadth of place-based knowledge represented by this work
contribute to multisite regional comparisons.

Research addresses four key questions: (1) How are
climatic variability and change likely to affect disturbance
regimes? (2) How are changing climate and disturbance
regimes likely to affect the composition, structure, and
productivity of vegetation? (3) How will climatic variability
and change affect hydrologic processes in the mountainous
West? and (4) Which mountain resources and ecosystems
are likely to be most sensitive to future climatic change, and
what are possible management responses? Results to date

have documented how climatic variability and change affect
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several trends: long-term patterns of snow, glaciers, and
water geochemistry; forest productivity, vigor, and demog-
raphy; and changing patterns of treeline dynamics and forest
disturbances. Empirical and simulation modeling indicates
that major changes in hydrologic function and ecological
disturbance will occur as the climate continues to warm.

The WMI research has documented trends in tempera-
ture, precipitation, and snowpack, and the exceedance of
biological and ecologically meaningful thresholds of these
variables in the mountainous West. In the northern Rocky
Mountains, trends show that extremely cold days (< -18 °C)
end on average 20 days ecarlier and have declined in number,
and the number of extremely hot days (> 32 °C) has in-
creased over the last 100 years (Pederson et al. 2011). Trends
in snowpack observations in the northern Rocky Mountains
indicate declines in snowpack and earlier arrival and melt of
peak snow water equivalent over the last 40 years (Pederson
et al. 2011). Although much of this change in snowpack is
attributed to climatic variability, an extension of this analysis
to the whole Rocky Mountains region and to the last 800
years using tree-ring based reconstructions of snowpack
shows only two periods of sustained low snowpack compa-
rable to those observed in the 20™ century (Pederson et al.
2011).

Here we focus on WMI results in three areas related to
forest ecosystem response to climatic variability and change:
(1) trends in the structure and function of western forest
ecosystems, (2) the effects of exceeding critical thresholds,
and (3) the potential for future changes in these systems.
Changes have been documented in forest demography,
treeline dynamics, and ecological disturbances and interac-
tions. Although it is not possible to definitively attribute
recent changes as being caused by climate change, the ef-
fects of dominant modes of climatic variability can be used
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with some confidence to infer expected changes in ecosys-
tems in a warmer climate. For example, relationships have
been documented between the Pacific Decadal Oscillation
(20- to 30-year cool and warm phases) and temporal varia-
tion in regional-scale tree growth (Peterson and Peterson
2001, Peterson et al. 2002), wildfire (Hessl et al. 2004), and
long-term drought (Gedalof et al. 2004). These relationships
suggest that significant changes in ecosystem processes will
occur as temperature, and extremes in temperature, continue
to increase.

Forest Die-Off and Demography

Recent broad-scale syntheses have documented climate-
induced forest mortality in some locations (Allen 2009,
Allen et al. 2010). These syntheses reveal diverse patterns
in forest die-off attributed to drought and heat, including
localized increases in background mortality and regional-
scale forest die-off linked to biotic agents (Allen et al. 2010).
Drought-induced die-off is commonly observed at the eleva-
tion and geographic margins of species ranges and is often
associated with prolonged periods of moisture stress. Recent
and ongoing WMI research continues to address key uncer-
tainties in forest mortality processes (Breshears et al. 2009;
McDowell et al. 2008, 2010).

Based on demographic trends in long-term plot data,
mortality rates in old forests have increased in each of three
subregions (Northwest, California, and interior West) and
across elevation zones and tree size classes (van Mantgem
et al. 2009), and tree recruitment rates have not changed,
contributing to lower stem density and basal area of old
forests. Since 1955, both temperature (particularly at the
higher elevations occupied by forests) and climatic water
deficit (evaporative demand that is not met by available wa-
ter) increased, and both were positively correlated with tree
mortality rates (van Mantgem et al. 2009). Warming-induced
tree mortality is consistent with the apparent role of warming
in recent forest dieback in western North America (Adams
et al. 2009) and the positive correlation between short-term
fluctuations in background tree mortality and water deficits
in California and Colorado (Bigler et al. 2007, van Mantgem
and Stephenson 2007).
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Treeline Dynamics

One of the most distinctive features of mountain environ-
ments is the transition from subalpine forest to alpine tundra
(alpine forest-tundra ecotone, AFTE), and climate change

is likely to affect these environments in the mountainous
West. Advance of trees into tundra can alter cycling of water,
carbon, and nutrients and the maintenance of biodiversity.
Treeline advance and changes in treeline patterns have the
potential to alter snow retention and hydrology, with impli-
cations for local soil moisture and nutrient transport.

Studies of treeline phenomena and limiting factors
among the five WMI bioregions have demonstrated that
although ecological dynamics of the AFTE are influenced by
climate, mechanistic processes that shape the ecotone—seed
rain, seed germination, seedling establishment, and subse-
quent tree growth form—also depend on microsite patterns
(Malanson et al. 2007). In the West, these mechanistic pro-
cesses are similar among AFTEs, but other processes—prior
climate, geomorphology, genetics, and historical grazing
practices—create geographic differences in responses of
ecotones to climate change. Climate change may affect suc-
cessful seed dispersal, germination, and survival by modi-
fying the biophysical environment. The three-dimensional
pattern at treeline is typically patchy, including krummbholz
and dwarf trees, with expansion often facilitated by other
plants (Resler 2006). The formation of vegetation structures
that add wind protection, snow collection, and soil develop-
ment allows subalpine forest species to initiate patches and
expand in the upper treeline (Smith et al. 2003). Climate and
variation in geomorphology, geology, and disturbances (e.qg.,
snow avalanches) also control mortality at treeline and limit
treeline elevation.

At regional to continental scales, control of the AFTE
by temperature is locally modified by moisture (Malanson
and Butler 2002). Evidence for AFTE response to climatic
variability suggests upslope advance during warmer condi-
tions, but advance in many sites may be limited by moisture.
For example, in the 19" century, Glacier National Park ex-
perienced upward expansion of the ecotone (Bekker 2005),
although in the 20" century, density of existing patches
increased but advance was limited (Klasner and Fagre 2002).
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Treeline advances in the latter half of the 20" century coin-
cided with the cool (wet) phase of the Pacific Decadal Oscil-
lation, and advance stopped during the warm (dry) phase of
the 1980s and 1990s (Alftine et al. 2003).

A warmer, wetter climate could alter the structure of
treeline in all WMI bioregions. In the Pacific Northwest,
high snowpack inhibits establishment and growth of trees,
so at the highest treeline elevations, increased snow plus
increased winter precipitation could limit expansion of
krummholz higher in the ecotone. The other WMI bio-
regions are drier, so higher precipitation could improve con-
ditions for tree establishment and growth. For example, in
Sierra Nevada treelines, tree growth increased during warm-
er, wetter periods in the 20" century (Millar et al. 2004). At
all sites, effects are likely to be greatest in the lower AFTE,
where deeper soils and root zones can use increased water
(Malanson et al. 2007).

A warmer, drier climate could reduce tree establishment
in the ecotone of all WMI treeline sites except the Pacific
Northwest. In the Pacific Northwest, less moisture is unlike-
ly to reduce tree establishment and growth in the AFTE. A
warmer climate could increase tree growth in the AFTE, and
less snow could facilitate expansion in the upper ecotone and
encroachment in meadows in the lower ecotone. Conversely
for the other WMI bioregions, a drier climate could further
limit tree establishment, growth, and species diversity in the
AFTE (Malanson et al. 2007).

Ecological Disturbance and
Interaction of Stressors

Empirical and process-based models have been used to esti-
mate the extent and magnitude of future disturbances across
the West. The indirect effect of climate change on forests
through changing disturbance regimes is likely to cause
more rapid changes than the direct effects of higher tempera-
tures on trees (fig. A3-1), and accelerated species turnover
will occur after severe disturbance because seedlings are less
resistant to changing climate than are mature individuals
(McKenzie et al. 2009). In light of the importance of dis-

turbance in Western forests, WMI research has emphasized

quantifying the effects of climatic variability and change on
the areal extent and broad-scale spatial patterns of wildfire
and insect outbreaks (Littell et al. 2010).

Of particular concern are increases in fire area in a
warming climate and the effects of extreme wildfire events
on ecosystems (Gedalof et al. 2005, Littell et al. 2009,
McKenzie and Littell 2011). Strong climatic controls
exist on area burned by wildfire across the West at the
spatial scales of entire states (McKenzie et al. 2004), eco-
provinces (Littell et al. 2009), and sections within ecoprov-
inces (Littell et al. 2010). In forests across the Northwestern
United States, climate during the fire season appears to con-
trol area burned, whereas in arid mountains and shrublands,
antecedent climate (e.g., wetter, cooler summers or winters
preceding the fire season) can increase area burned during
the fire season by increasing fuel abundance and continu-
ity (Littell et al. 2009, 2010). Research has also quantified
sediment yields after wildfire in different rainfall regimes
across the Western United States (Moody and Martin 2008),
providing a key context for potential climate-mediated wa-
tershed changes in postfire runoff and erosion relationships.

Mountain pine beetle (Dendroctonus ponderosae
Hopkins) infestations have historically occurred frequently
and extensively throughout western North America (Logan
and Powell 2001). Warming and drought affect development
rates of beetle life stages, winter mortality, and host tree
susceptibility (Carroll et al. 2004). Across the West, current
stand structural conditions make host species susceptible to
beetle attack (Hicke and Jenkins 2008), and as warming con-
tinues, we might expect that forests will become susceptible
to insect attack more frequently (Raffa et al. 2008). Moun-
tain pine beetle outbreaks are facilitated when the insect’s
reproductive cycle is very close to one year and when larvae
emerge at an optimal time for feeding, dispersal, and sur-
vival of cold seasons (Logan and Powell 2001). As tempera-
tures increase, the life cycle shortens; therefore, a warmer
climate is projected to reduce the area of climatic suitability
for the beetle at low elevations but increase suitability at
higher elevations (Hicke et al. 2006, Littell et al. 2010).

Increases in mountain pine beetle outbreaks with climate
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Figure A3-1—Conceptual model of the relative time scales for disturbance versus climate change alone to alter ecosystems. Times are
approximate. The focus here is on fire, but much of the same logic applies to insect outbreaks. Adapted from McKenzie et al. (2004).

change will affect the carbon cycle in forest ecosystems and
have feedbacks to the climate system (Hicke et al. 2012a).
Research on disturbance interactions and their effects
on ecosystem processes (Allen 2007, McKenzie and Lit-
tell 2011, McKenzie et al. 2009) suggests that synergistic
interactions between disturbances produce larger effects than
would occur from an individual disturbance. For example,
bark beetle outbreaks have been linked to increased likeli-
hood of stand-replacing fire and changes in fire behavior,
with the nature of the effect depending on the time since
infestation (Jenkins et al. 2008, Lynch et al. 2006), although
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there is conflicting evidence about whether fire hazard is
higher following bark beetle outbreaks (Hicke et al. 2012b).
Combined with increasing climatic stress on tree populations
and growth, disturbance interactions can alter forest struc-
ture and function faster than could be expected from species
redistribution or disturbance alone (fig. A3-1). Simultaneous
climatically driven shifts in the locations of species optima,
ecosystem productivity, disturbance regimes, and interac-
tions between them could reset forest succession over large
areas and short timeframes.
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