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Evaluating future success of whitebark pine ecosystem
restoration under climate change using simulation
modeling
Robert E. Keane1,2, Lisa M. Holsinger1, Mary F. Mahalovich3, Diana F. Tomback4

Major declines of whitebark pine forests throughout western North America from the combined effects of mountain pine
beetle (Dendroctonus ponderosae) outbreaks, fire exclusion policies, and the exotic disease white pine blister rust (WPBR) have
spurred many restoration actions. However, projected future warming and drying may further exacerbate the species’ decline
and possibly compromise long-term success of today’s restoration activities. We evaluated successes of restoration treatments
under future climate using a comprehensive landscape simulation experiment. The spatially explicit, ecological process model
FireBGCv2 was used to simulate whitebark pine populations on two U.S. Northern Rocky Mountain landscapes over 95 years
under two climate, three restoration, and two fire management scenarios. Major findings were that (1) whitebark pine can
remain on some high mountain landscapes in a future climate albeit at lower basal areas (50% decrease), (2) restoration
efforts, such as thinning and prescribed burning, are vital to ensure future whitebark pine forests, and (3) climate change
impacts on whitebark pine vary by local setting. Whitebark pine restoration efforts will mostly be successful in the future
but only if future populations are somewhat resistant to WPBR. Results were used to develop general guidelines that address
climate change impacts for planning, designing, implementing, and evaluating fine-scale restoration activities.
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Implications for Practice

• Restoration treatments will still be effective in the future
under warmer climates, and they might be the only actions
that keep whitebark pine forests on high elevation land-
scapes.

• Thinning of shade-tolerant competitors, coupled with pre-
scribed burning, will allow whitebark pine to continue to
produce cones and provide microsites for bird-mediated
dispersal and regeneration.

• Planting rust-resistant whitebark pine seedlings is an
important restoration action, but the effects will not be
manifest for more than a century.

• Restoration prescriptions will need to be tailored to local
conditions to be effective as climate change impacts will
not be the same across all high mountain ecosystems.

Introduction

High elevation whitebark pine (Pinus albicaulis Engelm.)
forests are rapidly disappearing throughout western North
America because of the cumulative effects of historical and
current mountain pine beetle (MPB, Dendroctonus ponderosae)
outbreaks, over 90 years of fire exclusion policies, and the intro-
duced pathogen Cronartium ribicola, which causes the exotic
disease white pine blister rust (WPBR) in five-needle white

pines (Keane & Arno 1993; Kendall & Keane 2001; Murray &
Rasumussen 2003; Schwandt 2006; Tomback & Achuff 2010).
Exacerbating an already stressed ecosystem, projected future
climates may accelerate whitebark pine declines and further
reduce whitebark pine habitat thereby possibly restricting popu-
lations to the tops of mountains or to the northern portions of its
range (Koteen 1999; McKenney et al. 2007; Schrag et al. 2007;
Warwell et al. 2007; Funk & Saunders 2014). However, mag-
nitudes and directions of whitebark pine ecosystem responses
to projected climate changes are largely unknown because of
the species’ unique ability to survive fire, colonize disturbed
environments, and tolerate drought (Loehman et al. 2011b).
The high uncertainty of future climate predictions coupled with
limited information on disturbance and climate interactions
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may confound planning restoration activities for this valuable
ecosystem (Keane et al. 2015). The primary goal of restoration
is to promote rust resistance in this five-needle pine ecosystem
with actions such as planting rust-resistant seedlings while also
ensuring continued bird-mediated seed dispersal (Keane et al.
2012).

The loss of this iconic high-elevation tree species will result
in serious consequences for high mountain ecosystems, both in
terms of the impacts on biodiversity and in losses of valuable
ecosystem processes and services (Tomback et al. 2001a; Lee
2003; Tomback & Achuff 2010; Funk & Saunders 2014). The
large, nutritious seeds produced by whitebark pine are an impor-
tant food for many bird and mammal species, and whitebark
pine communities provide important habitat for many wildlife
species (Tomback & Kendall 2001; Lorenz et al. 2008). In fact,
the Clark’s nutcracker (Nucifraga columbiana), a large bird of
the Corvidae family, is the primary seed disperser for whitebark
pine, and both species are coevolved mutualists (Tomback
1982, Tomback & Linhart 1990). Whitebark pine seeds buried
by nutcrackers in caches throughout montane terrain as future
food may germinate and grow into trees that often act as nurse
trees to less hardy conifers and other vegetation, promoting
regeneration (Callaway 1998; Callaway et al. 1998; Tomback
et al. 2001b). At upper subalpine elevations, mature whitebark
pine trees help to regulate snow melt and reduce soil erosion
(Farnes 1990). For these reasons, whitebark pine is considered
both a keystone species for promoting community diversity and
a foundation species for promoting community stability (Paine
1995; Tomback et al. 2001a; Ellison et al. 2005; Tomback &
Achuff 2010). If not for WPBR, whitebark pine forests may
be more resilient to climate change than any other forest that
might replace it, such as forests of the shade-tolerant conifers
subalpine fir (Abies lasiocarpa), Engelmann spruce (Picea
engelmanni), or mountain hemlock (Tsuga mertensiana),
because of the pine’s superior ability to survive fire (Ryan &
Reinhardt 1988).

Predicting responses of whitebark pine to projected climate
change and restoration actions is a complicated task involving
consideration of complex ecological interactions at multiple
spatial and temporal scales. Climate warming, for example,
may foster more high elevation fires that may burn more
whitebark pine forests that may provide additional sites for
nutcracker caching that may promote future regeneration, but
fires may also kill trees that may be genetically resistant to
WPBR thereby reducing regeneration potential (Loehman et al.
2011a, 2011b; Keane et al. 2012). This complexity precludes
traditional approaches for evaluating climate impacts, such
as expert opinion, statistical modeling, and field experiments,
because of the long time spans and large areas needed to prop-
erly assess vegetation, disturbance, and ecosystem responses to
changing climates (Keane et al. 2015). Mechanistic ecological
simulation of climate, vegetation, and disturbance dynamics
in a spatial domain may be the best approach at this time
even though the field of landscape modeling is still in its
infancy (Gustafson 2013). Biophysical landscape models that
integrate mechanistic algorithms allow the spatial simulation

of complex interactions among climate, vegetation, and dis-
turbance, along with interactions of critical plant and animal
life cycle processes of reproduction, growth, and mortality
with climate (Gworek et al. 2007; Lambrecht et al. 2007;
Keane et al. 2015).

We used the mechanistic landscape model FireBGCv2
(Keane et al. 2011) to determine if restoration actions proposed
in the whitebark pine range-wide strategy (Keane et al. 2012)
will be successful in the future with projected climates. The
Keane et al. (2012) strategy suggests 10 restoration actions, but
only two were applicable for this article: (1) implement treat-
ments (silvicultural thinnings, prescribed burning, and wildland
fire use) and (2) plant rust-resistant seedlings; the other eight
cannot be simulated at this time. A fully factorial design exper-
iment was used to simulate various climate, restoration, and
fire management scenarios on whitebark pine abundance to
determine if current and proposed restoration strategies will be
effective in the future. Results from this simulation experiment
were integrated with a comprehensive literature review to create
a companion document to the range-wide restoration strategy
of Keane et al. (2012) that presents various recommendations
of modifying restoration actions under climate change (Keane
et al. 2016).

Methods

FireBGCv2 Model

FireBGCv2 is a mechanistic, individual-tree, gap model that
is implemented in a spatial domain (see Keane et al. 2011 for
complete model documentation, assumptions, and parameters).
The model was developed by integrating empirically derived
deterministic functions with stochastically driven algorithms
to approximate landscape and ecosystem behavior across time
and space (Keane et al. 2011). Physical and empirical functions
are used to represent some well-studied ecological processes,
such as autotrophic respiration and photosynthesis. Stochastic
functions are used to represent ecological processes that are
highly variable, under-studied, and difficult to quantify, such
as fire ignition, tree mortality, and snag fall. FireBGCv2 is a
cumulative effects model that is best used to study long-term
landscape dynamics rather than as a prognostic model to project
short-term future conditions.

FireBGCv2 simulates ecological processes across multiple
spatiotemporal scales including cross-scale interactions that can
drive landscape behaviors (Fig. 1). Wildland fire ignition and
spread, along with cone crop production and seed dispersal, are
spatially simulated at the landscape level at the end of each
simulation year. Most of the FireBGCv2 fine-scale simulation
occurs at the stand level where the flow of carbon, nitrogen, and
water are distributed across various terrestrial and atmospheric
components within the model. Important ecological processes
modeled at the stand level include litterfall, decomposition,
snow dynamics, soil water, transpiration, and evaporation. Many
processes are simulated at a daily time step including species
phenology, litterfall, and soil water. Tree growth, establishment,
and mortality are simulated at the individual tree level, while
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Figure 1. A diagram showing the important aspects of the FireBGCv2 model. (A) The five scales incorporated into the model and (B) some of the important
processes simulated at each scale. (C) The flow of energy, carbon, water, and nitrogen is simulated at the stand scale across each of the carbon pools using
mechanistic algorithms detailed in the work of Keane et al. (2012); biophysical processes of evaporation, transpiration, photosynthesis, and respiration (ovals)
are calculated from five daily weather variables (precipitation, maximum and minimum temperature, radiation, and humidity—top rectangles) to simulate the
flux of energy, water, carbon, and nitrogen across the important ecosystem components (other rectangles).

disturbance effects, such as fuel consumption, tree mortality,
and soil heating, are computed across all scales.

Several FireBGCv2 components are important in this study
and warrant mention here. First, the model includes simulation
of WPBR dynamics using weather, stand conditions, and tree
phenology as intermediate variables (Keane et al. 2011). The
blister rust module was adapted from McDonald et al. (1981)
and parametrized using Hoff et al. (2001). We set rust resis-
tance at 0.01 for all input living whitebark pine trees and set rust
resistance at 0.30 for all planted seedlings based on results from
the Inland West Whitebark Pine Genetic Restoration Program
(Mahalovich & Foushee, submitted). And even though Fire-
BGCv2 has a MPB module, we decided not to simulate MPB
dynamics to simplify interpretation of results. There is a com-
plex simulation of Clark’s nutcracker-caching dynamics and
its influence on whitebark pine regeneration along with empir-
ical seed dispersal algorithms for this bird-dispersed species
(Keane et al. 1990). There is also an extensive module that sim-
ulates a wide variety of management actions, including partial
harvest, planting, wildland fire use, and prescribed burning at
the stand scale (Keane et al. 2011); this module was used to

simulate restoration actions. There are also detailed fire algo-
rithms that simulate (1) ignition based on weather, fuels, and
topography, (2) spread based on vectors of wind and slope, (3)
effects based on fire intensity, and (4) management based on
proportion of fires suppressed, an input parameter (Keane et al.
2011).

Study Areas

Simulation of the complex interactions of climate, fire, and
vegetation dynamics over the entire range of whitebark pine is
computationally intractable at this time. Instead, we simulated
whitebark pine dynamics on two large landscapes that we felt
represented the wide range of climate, vegetation, and fire
regime types for whitebark pine in the U.S. Northern Rocky
Mountains (Fig. 2):

(1) East Fork of the Bitterroot River (EFBR) on the Bit-
terroot National Forest, Montana, U.S.A.: a 128,000 ha
dry mixed-conifer ecosystem with a mixed frequency and
severity fire regime currently comprised of 8–12% white-
bark pine based on plot data and statistical modeling
(Holsinger et al. 2014).
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Figure 2. The two landscapes that were included in the FireBGCv2 simulation experiment and that were used in the illustrative independent simulations.

(2) Crown of the Continent (CROWN) comprised of the
McDonald and St. Mary’s drainages of U.S. Glacier
National Park: a 100,000 ha mesic mixed-conifer landscape
with fire regimes of variable frequencies and severities, and
comprised of about 8–14% potential whitebark pine habi-
tat based on plot data and empirical modeling (Loehman
et al. 2011a).

All lands with the potential to support whitebark pine were
explicitly identified as the “whitebark pine zone” on each land-
scape using biophysical parameters and field data (green in
Fig. 2, Loehman et al. 2011a; Holsinger et al. 2014). These two
landscapes were selected because they had been used in previ-
ous FireBGCv2 studies (Loehman et al. 2011b; Holsinger et al.
2014) (it takes over 10 months to parameterize a FireBGCv2
landscape) and they contained a significant amount of whitebark
pine habitat in the high elevation settings.

Simulation Experiment

The overarching objective of this simulation project was to
evaluate the success of two whitebark pine restoration activities
under future climate and fire management scenarios. We used
a fully factorial design to answer this objective where a set of
four factors were used to represent climate, restoration cutting,
planting rust-resistant whitebark pine, and fire management
and within each factor we nested two or three treatments to
explore a range of restoration options (Table 1). The four
factors included in the simulation experiment were (1) fire
suppression (S), (2) restoration cuttings (R), (3) planting (P),
and (4) climate (C). For S, we simulated three levels of fire
suppression: (1) 0% suppression (mimics historical fire regime),
(2) 50% suppression (mimics wildland fire use management
option), and (3) 92% suppression (operational fire suppression)
(Loehman et al. 2011b).
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Table 1. The multifactorial simulation experiment used to assess impacts of climate change on whitebark pine restoration attempts. The factors and treatments
were used to explore climate change effects on whitebark pine distribution and abundance. We performed 10 replicates of each factor. Also presented are
acronyms of the tree species included in all simulations as referenced in other figures and tables.

Factor Num Levels Values for Each Level

Fire suppression (S)—levels of fire suppression expressed
as percent of fires that are suppressed

3 No suppression (SN); historical fire regime; 50%
suppression to emulate wildland fire use (SL); 92%
suppression to represent current management (SH)

Restoration (R)—three levels of area treated with
mechanical cuttings coupled with prescribed burns

3 No treatments (RN); low restoration levels (RL) 3%
of landscape treated per year; high restoration
(RH) 30% landscape treated per year

Planting (P)—three levels of area planted with
rust-resistant (25% resistance) whitebark pine seedlings

3 No planting (PN); low planting (PL) 10 ha per year at
275 seedlings per ha; high planting (PH) 100 ha
per year at 550 seedlings per ha

Climate (C)—current and projected daily climate data for
95 years

2 Historical and warm-dry (RCP8.5) scenarios

Tree Species and Plant Guilds Included in the Simulations
Scientific Name Abbreviation Common Name

Abies lasiocarpa ABLA Subalpine fir
Laryx occidentalis LAOC Western larch
Larix lyallii LALY Alpine larch
Pinus albicaulis PIAL Whitebark pine
Pinus contorta PICO Lodgepole pine
Pinus engelmannii PIEN Engelmann spruce
Pinus flexilis PIFL Limber pine
Pinus ponderosa PIPO Ponderosa pine
Populus tremuloides POTR Quaking aspen
Pinus monticola PIMO Western white pine
Pseudotsuga menziesii PSME Douglas-fir
Thuja plicata THPL Western red cedar
Tsuga heterophylla TSHE Western hemlock
Shrubs SHRB Upland shrublands
Riparian Herb RHRB Wetland herbaceous communities
Grass GRSS Grassland dominated communities

For the restoration cutting (R), we simulated three restoration
treatment strategies: (1) no restoration cuttings (RN), (2) low
restoration where mechanical cuttings removing subalpine fir
and Engelmann spruce (thinning) were used in concert with
prescribed burning to eliminate whitebark pine competitors at a
rate of approximately 3% of the landscape per year (RL), and (3)
extensive restoration where mechanical cuttings and prescribed
burning treatments were implemented at a rate of 30% per year
(RH in Table 1). Stand-level restoration treatment design was
based on recommendations from Keane et al. (2012) where all
subalpine fir and spruce above 4 cm DBH (Diameter Breast
Height) were cut and taken off-site followed by a low intensity
prescribed burn (∼400 kW/m fireline intensity).

The planting (P) factor had three treatments: (1) no plant-
ing (PN), (2) low planting where rust-resistant whitebark
pine seedlings are planted at 10 ha/year at a density of 275
seedlings/ha (PL), and (3) high planting (PH) where whitebark
pine seedlings at 100 ha/year at a density of 550 seedlings/ha
(densities taken from Keane et al. 2012). Seedlings were planted
on areas that burned within the last 30 years either from wildfire
or prescribed burning. If there were insufficient burned areas
for planting, seedlings were planted in old, unplanted burns

(<50 years since fire). The proportion of seedlings with rust
resistance in these simulations was set at 30%, which is at the
upper range in whitebark pine seedlings resistance determined
from the Inland West Whitebark Pine Genetic Restoration
Program at the USDA Forest Service Coeur d’Alene Nursery
(Mahalovich & Foushee, submitted).

The climate (C) factor had two scenarios: historical climate
and a future climate (Fig. 3). The historical and future cli-
mate data were taken from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) with an 8.5 Representative Concen-
tration Pathway (RCP8.5) where average temperatures are pro-
jected at about 5∘C above pre-industrial levels—an emissions
scenario that predicts the highest temperature increases among
various possible emission scenarios but the one that appears
increasingly most likely to occur (Peters et al. 2013). Based
on an evaluation of a suite of GCMs by Rupp et al. (2013)
for the Pacific Northwest and surrounding region, we chose
the CNRM-CM5 (National Centre of Meteorological Research,
France) GCM, which was the highest ranked model overall
for the Northern Rocky Mountains region. Landscape daily
weather input data were taken from a statistical downscaling
of CNRM-CM5 GCM data from CMIP5 using the Multivariate
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Figure 3. Modeled and observed weather data for CROWN and EFBR simulation landscape, including average annual maximum and minimum temperature
(∘C), and precipitation (cm). Historic observed data were taken from Saint Mary, MT and West Glacier, MT for the CROWN; Sula, MT weather station for
the EFBR; and historic and future modeled data derived from the CNRM-CM5 GCM. Dark blue and red lines are median values; light blue and red indicate
25th to 75th percentile ranges.

Adaptive Constructed Analogs (Abatzoglou & Brown 2011)
method with the METDATA (Abatzoglou 2011) observational
dataset as training data. We derived weather data for our historic
scenario simulations from downscaled 800 m grids of historical
climate modeled from the CNRM-CM5 GCM for the baseline
period of 1950–2005 (56 years) (Fig. 3). The historical simula-
tions were only 56 years long and the future projections were
comprised of only 95 years of daily weather.

Each level for each factor was simulated in a multifactorial
design with 10 replicates for a total of 540 simulations for
each landscape (3S× 3R× 3P× 2CC× 10 reps= 540 runs). We
used the same species list for each simulation run (Table 1),
which dictated which species could inhabit or migrate into the
landscape during simulations. We simulated both historical and
future scenarios for this same length of time (95 years). We
output values for response and exploratory variables every 10
years to create a simulation time series of nine observations for
each simulation run. For the historical simulations, we cycled
the 56-year weather record for both study areas to create 95
year-long simulations.

We evaluated restoration success from simulated response
variables that represent whitebark pine population response to
restoration and planting treatments: Whitebark pine basal area
(m2/ha) averaged across all stands on each landscape and the
proportion of the simulation area in whitebark pine dominated
stands (proportion landscape). We summarized basal area for

the whitebark pine zone only (Fig. 2). We used generalized
linear mixed models (GLMM) for repeated measures to test
for significant differences in restoration, planting, suppression,
and climate. We also used GLMMs to evaluate differences in
historical and future climate conditions separately. To evaluate
the amount of basal area, we used the software R (R Devel-
opment Core Team 2014) with the lme package (Bates et al.
2014) including an AR(1) random residual structure to account
for temporal autocorrelation and multiple comparisons of the
main treatment effects. We used GLIMMIX in SAS to evaluate
proportion cover with an AR(1) structure and a beta probabil-
ity distribution and conducted multiple comparisons of main
effects. There were few significant main effects interactions.

We qualitatively described forest community responses to
climate change and wildfire management by summarizing the
percent of the upper subalpine landscape (whitebark pine zone)
comprised by each tree species cover type evaluated by the
plurality of basal area. In addition, we evaluated a number of
other ecosystem related explanatory variables (see Keane et al.
2016), but only present two fire variables (area burned, fire
rotation) here.

Because we anticipated that 95 years was too short to eval-
uate whitebark pine landscape dynamics, we also conducted
ancillary simulations for longer time periods (500 years) to
explore potential long-term dynamics of whitebark pine for
illustrative purposes. These simulations included only a small

March 2017 Restoration Ecology 225



Simulating climate impacts on restoration treatments

Figure 4. Simulated basal area (m2/ha) of whitebark pine over 95 years in whitebark pine zone for the (A) East Fork of the Bitterroot River (EFBR) and (B)
Crown of the Continent (CROWN) landscapes across all scenarios including: historic (green) and future (blue) climate; fire suppression at none (SN), low
(SL) and high (SH) levels; planting at none, low, and high levels (PN, PL, and PH); and restoration at none, low, and high levels (RN, RL and RH). In the box
and whisker diagrams, the box represents 25th and 75th percentiles, the whiskers represent the range of the data, and the horizontal line is the median.

combination of the scenarios in Table 1; the highest levels of
restoration and planting treatments with 50% fire suppression.
To simulate weather across the lengthy 500-year period, we
relied on previous methods as described in detail by Loehman
et al. (2011b) where observed historical weather station data
from the two landscapes (West Glacier, MT and Saint Mary,
MT for CROWN; Sula, MT for EFBR; Fig. 3) was cycled in
sequence over the 500-year simulation period. For the climate
change scenario, we adjusted historical weather data using
offsets derived from the Hadley Centre (UK) HadCM3 GCM

for the A2 emissions scenario (Nakicenovic et al. 2000), which
corresponded to the RCP 8.5 emissions scenario used in our
formal simulation experiment.

Results

East Fork Bitterroot River Landscape

We found that basal area (Fig. 4A) and proportion cover
(Fig. 5A) of whitebark pine were significantly higher in the
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Figure 5. Simulated proportion of landscape in whitebark pine over 95 years in whitebark pine zone for the (A) East Fork of the Bitterroot River (EFBR) and
(B) Crown of the Continent (CROWN) landscapes across all scenarios: historic (green) and future (blue) climate; fire suppression at none, low, and high levels
(SN, SL, and SH respectively); planting at none, low, and high levels (PN, PL, and PH); and restoration at none, low, and high levels (RN, RL, and RH). In
the box and whisker diagrams, the box represents 25th and 75th percentiles, the whiskers represent the range of the data, and the horizontal line is the median.

EFBR under future climate compared to the historical scenario
(p-value< 0.0001) with over twice as much whitebark pine pre-
dicted for the future (3.72 vs. 1.69 m2/ha) and for proportion
landscape (33 vs. 12%), respectively (Table S1, Supporting
Information). Basal area doubled when restoration treatments
were implemented at either low or high levels compared to no
treatment, while the proportion of upper subalpine landscape in
whitebark pine was almost four times higher in low (47%) or

high (54%) restoration levels compared to no restoration (13%).
Planting whitebark pine seedlings did not significantly affect the
basal area or proportion landscape of whitebark pine in any of
the EFBR simulations (Table S1; Figs. 4A & 5A).

Of the three factors simulated, climate and restoration had
the greatest effects on whitebark pine basal area and proportion
landscape compared to planting or fire suppression (Table S1;
Figs. 4A & 5A). However, fire suppression had a significant
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Figure 6. Simulated forest species composition over 95 years for the upper elevations of the (A) East Fork of the Bitterroot River (EFBR) and (B) Crown of
the Continent (CROWN) landscapes under historical and future climates for fire suppression at none, low, and high levels (SN, SL, and SH, respectively) and
restoration at none, low, and high levels (RN, RL, and RH). Planting was not included because of its minimal effects within the 95-year period. See Table 1
for species abbreviations: ABLA (red)-subalpine fir, PIAL (green)-whitebark pine, OTHER (blue)-includes mostly Engelmann spruce, quaking aspen, and
lodgepole pine. In the box and whisker diagrams, the box represents 25th and 75th percentiles, the whiskers represent the range of the data, and the horizontal
line is the median.

but minimal effect on the proportion in whitebark pine in the
upper subalpine under future climates with higher landscape
cover (3–5% higher) in the full suppression scenario compared
to the no suppression simulations (Figs. 4A & 5A).

Whitebark pine was the dominant species (46–53% on aver-
age) under a future climate in the upper elevations (whitebark
pine zone) of the EFBR when either low or high levels of

restoration treatments were implemented (Fig. 6A). Without
restoration, subalpine fir (ABLA) was dominant (76%), with
whitebark pine as the second most dominant species (9%).
Under the historical climate, applying high restoration resulted
in aspen (POTR; Populus tremuloides) as the dominant species
(59%), and comparable amounts of subalpine fir (21%) and
whitebark pine (17%). Low and high levels of restoration kept
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whitebark pine on the landscape (>12%), but subalpine fir was
still the dominant cover type (40%) followed by aspen (35%).
Without restoration, subalpine fir dominated the high elevation
landscape (76%) under historical weather.

On average, more area burned under a future climate than a
historical climate in the EFBR (157% increase). Without sup-
pression, a median of 550 ha burned annually in the future cli-
mate compared to 350 ha in the historical. With low suppression,
186 versus 155 ha burned annually, and 52 versus 58 ha with
high suppression in the future versus historical climates, respec-
tively. The historical climate generated some large fire years
(years 11, 54, and 67) that were not observed in the future cli-
mate, but these high burn years had little overall effect on the
central tendency across simulations (Keane et al. 2016).

Results from the 500-year simulations show that declines in
whitebark pine basal area on the EFBR are rapid for all four
scenarios (historical RHPH, historical RNPN, future RHPH,
and future RNPN) over the first 100 years, but basal area starts
to increase after year 100 for the high restoration scenarios
for both historical and future climates (Fig. S1A). Whitebark
pine basal area increases to 24 m2/ha after 500 years in the
historical RHPH scenario (25% higher than current levels), but
grows to only 5 m2/ha in the future RHPH scenario (75% less
than current). Whitebark pine comprises a large portion of the
whitebark pine zone for both climate scenarios (>50%) but
only if restoration is implemented (Fig. S1C). Interestingly,
with restoration, the proportion of the landscape dominated by
whitebark pine increases from current levels (∼30%) to over
70% of the landscape.

Crown of the Continent Landscape

In contrast to EFBR, simulation results for the CROWN land-
scape showed that there were significantly fewer whitebark
pine, overall, in the future compared to the historical simula-
tions (3.33 vs. 10.05 m2/ha basal area and 0.03 vs. 0.13 propor-
tion landscape for future and historic, respectively, Table S1;
Figs. 4B & 5B). Wildfire suppression had the greatest effect on
basal area and proportion landscape in whitebark pine under
both future and historical climates unlike results from EFBR.
In each climate scenario, the amount of basal area in whitebark
pine was marginally higher but significant with low or high sup-
pression compared to no suppression. Similarly, proportion of
landscape in whitebark pine increased with increasing levels of
suppression (each level significantly different from each other to
varying degrees). When climate was included as a factor, sup-
pression and climate were the most important influences (Table
S1). Neither planting nor restoration treatments had any notable
influence on simulated whitebark pine basal area or landscape
proportion in the CROWN landscape.

There was little variation in community composition among
treatments and climate in the CROWN landscape (Fig. 6B).
Subalpine fir dominated the upper elevation areas across all
treatments in both the future (about 45%) and historical (about
35%) climates. Whitebark pine continues to remain on the high
elevation landscape in both historical and future climates, but
at low levels (10%). The other species occurring under both

future and historical climates were mainly a mixture of aspen,
Douglas-fir (PSME; Psuedotsuga menziesii), lodgepole pine
(PICO), and Engelmann spruce (PIEN) at about 10% each.

In the CROWN landscape, about half as much area burned
(median of 70 ha annually across all scenarios) compared to
the EFBR (143 ha). Moreover, more area burned annually in
the historical climate than the future without suppression (135
vs. 79 ha, respectively) and with low suppression (68 vs. 62 ha,
respectively). With high suppression, somewhat less area burned
in the historical climate (53 ha annually) than the future (58 ha).
Similar to the EFBR, there were three large fire years (11, 54,
and 67) in the historical climate yet no large fires were observed
in the future.

The 500-year simulation results support the 95-year runs
where basal area decreased to low levels (67% decline to
<5 m2/ha) and areal extent shrank (60% decline to <5% of
whitebark pine zone) in future climates regardless of restoration
attempts (Fig. S1B & S1D). Restoration in the historical scenar-
ios resulted in 20–30% higher basal areas period and 30–50%
more area over time compared to no restoration, but both were
roughly the same after 500 years.

Discussion

Several important findings from this simulation experiment may
influence how we manage whitebark pine forests in the future.
The first is that whitebark pine will likely continue to decline
over the next several decades, but mostly from WPBR and, to
a lesser extent, from climate change. This finding agrees with
other simulation modeling efforts by Loehman et al. (2011b)
and Smith-McKenna et al. (2014). However, while the Fire-
BGCv2 EFBR simulation results show more productive white-
bark pine populations in the next of 95 years of climate warm-
ing, the long-term future for whitebark pine for both simulation
landscapes is less encouraging. Our 500-year independent simu-
lations show a downward trend in whitebark pine basal area over
the next 100 years regardless of treatment and planting intensi-
ties as a result of the damaging impacts of WPBR. Whitebark
pine basal area and landscape proportion in the future RCP8.5
scenario started to increase after 100 years of simulation as rust
resistance increases on the landscape from natural selection,
treatments, and planting, and whitebark pine populations peak
after 500 years at less than half of historical basal areas but high
coverage in the EFBR landscape. Restoration success must be
evaluated over centuries.

The second finding is that this decline can be mitigated
on some landscapes with proactive restoration actions; even
a low level of restoration activity may keep whitebark pine
forests from vanishing on the high mountain landscape. With-
out restoration measures, whitebark pine basal areas remain
low. The long-term simulations show that whitebark pine can
eventually overcome the damaging effects of WPBR in about
100 years, but only with restoration activities to keep whitebark
forests on the landscape.

We also found that effects of planting rust-resistant seedlings
were negligible over the 95-year simulations, but only because
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planting impacts take a long time to become manifest in this
high elevation ecosystem. Whitebark pine is a slow-growing
tree with cone production occurring at about 30–80 years old
and the optimal cone period occurring when trees are 100–200
years old (McCaughey & Tomback 2001). Thus, a 95-year
simulation is too short for planted rust-resistant whitebark pine
seedlings to grow into cone-producing trees to supply seeds
for the next generation of seedlings. Previous simulations by
Loehman et al. (2011b) and our 500-year simulations showed
that it took at least 100 to 120 years for populations of whitebark
pine to become sufficiently resistant to WPBR. The real payoff
from planting rust-resistant seedlings will likely take at least
a century and its main effect will probably be to shorten the
time for rust resistance to become important in seed-producing
whitebark pine.

And last, we found that the impacts of climate change on
whitebark pine populations vary across its range based on
local conditions; simulation output for EFBR and CROWN
show completely different results. This implies that there is
no “one-size-fits-all” solution for restoring this important and
widely distributed high elevation ecosystem; managers must tai-
lor broad strategies to local conditions for the most effective
restoration treatments. The large contrast in simulation results
between the EFBR and CROWN landscapes is likely a conse-
quence of both the input climate and landscape setting. In the
EFBR, whitebark pine populations increased in response to pre-
scribed burning and thinning treatments (and to a lesser extent
from removing suppression) under future hotter and drier condi-
tions. In contrast, past and future climates for the CROWN land-
scape were colder and wetter than those simulated for EFBR,
resulting in significantly less wildland fire, greater subalpine fir
abundance, and higher mortality in whitebark pine from WPBR
(Keane et al. 2016). In fact, precipitation in the CROWN land-
scape increased by over 10% on average into the future and
mortality from WPBR reached as high as six times that of
fire-related mortality, presumably due to higher humidity lev-
els that enhance WPBR infections. Previous simulations by
Loehman et al. (2011b) for a smaller portion of our CROWN
landscape in Glacier National Park used observed historical
weather and modeled future climate with offsets derived from
A2 emissions scenarios (Nakicenovic et al. 2000) that corre-
sponds to our RCP8.5 CNRM-CM5 modeled weather dataset
and, interestingly, they simulated significantly more fire than
this study using different climate inputs and climate warming
parameters with future area burned over twice as much as histor-
ical (we observed less fire activity into the future), but they simi-
larly predicted that whitebark pine populations will drop precip-
itously in the future. Correspondingly, Loehman et al. (2011b)
attributed the decline largely to increased wildfire, where as we
noted above, WPBR was the major source of mortality in these
simulations of the CROWN landscape. This incongruity pro-
vides insight into the consequences of high uncertainty of future
climate projections; small, subtle changes in high elevation cli-
mate can lead to a substantially different set of landscape futures
and to a different set of conclusions regarding whitebark pine
population dynamics. Such uncertainty highlights the difficulty
of predicting the success of restoration strategies in the future,

and emphasizes the need to improve climate projections and the
importance of adaptive management approaches for whitebark
pine. And last, the whitebark pine zone in the CROWN is com-
posed of rock, glaciers, and snowfields (>20%) that are mostly
unsuitable to whitebark pine (i.e. the 95-year simulation time
too short for melted ice/snowfields to develop adequate soil pro-
files). As such, whitebark pine populations in the CROWN had
inherently less potential to respond to the interactions of fire and
climate dynamics than in the EFBR landscape where fire could
more readily increase suitable habitat.

Our simulation results disagree with many contemporary
studies that predict the demise of whitebark pine with climate
change (e.g. Koteen 1999; McKenney et al. 2007; Schrag et al.
2007; Warwell et al. 2007). Most of these studies used Biocli-
matic Envelope Model (BEMs) techniques to project future geo-
graphical ranges (McDermid & Smith 2008; Crookston et al.
2010; Rehfeldt et al. 2012; Chang et al. 2014; Hansen & Phillips
2015). BEMs, also called climate envelope models, niche mod-
els, or species envelope models, are developed by associating
current climate conditions to the current distribution of a species
by means of advanced statistical modeling. Future species dis-
tributions are then computed using the projected future climate
data as inputs to the statistical model. There are many other
limitations with the BEM approach. First, many critical life
cycle processes, such as cone production, nutcracker-mediated
seed dispersal, seedling establishment, and competitive interac-
tions, are not represented in BEMs—only climate and species
occurrence were included. Dullinger et al. (2004), for example,
found that range shifts predicted by BEMs were reduced by
over 40% when seed dispersal was included in the prediction
model. BEMs also miss those areas that are now suitable for the
species but where species is currently absent because it has not
migrated there yet or has been removed by disturbance. Moritz
and Agudo (2013), for example, found that many species in
the fossil record existed over a wider range of climates than is
recorded today. BEMs also assume that current species distribu-
tion is a consequence of climate alone, yet we know that many
other factors, such as fire exclusion, exotic diseases, and man-
agement actions, have reduced whitebark pine occurrence over
historical conditions (Tomback et al. 2001a). Data used to repre-
sent climates in BEM model development represent a small slice
of time (50–100 years) relative to the long time that long-lived
trees, especially whitebark pine, which can live longer than 1000
years, have survived, so these limited climate datasets rarely
capture the full range of climate experienced by trees sampled in
the field. Along these same lines, whitebark pine can certainly
live longer than the 100-year projections of future climate. And
perhaps most important, future climate inputs are well outside
of the weather data used to develop the statistical model. These
limitations make it difficult to use BEM projections to restore
whitebark pine; they are informative, but not prognostic, espe-
cially on short time scales of decades and half-centuries required
by land management and at spatial scales of project implemen-
tation.

There are several limitations of this simulation experiment
that are important when interpreting our modeling results. First,
there are several problems with the GCM simulated future
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climate data that demands attention, such as the limited tem-
poral range, mismatch of historical and simulated historical
weather, and improper transition from historical simulation to
future simulation. For this study, we used the 95-year CMIP5
simulated historical and future weather as recommended by
several GCM modelers and climate change experts, whereas our
earlier methods, and in the 500-year ancillary runs in this study,
we relied on observed historical weather and offsets for future
conditions (see Loehman et al. 2011b; Holsinger et al. 2014).
The documented inaccuracy of the historical CMIP5 weather
data adds another level of uncertainty to interpretation of our
simulation results and clouds our findings because FireBGCv2
simulations using CMIP5 simulated historical weather often
did not result in realistic vegetation dynamics; however, we
simulated realistic conditions when actual observed historical
weather was used (Keane et al. 2011; Loehman et al. 2011b;
Holsinger et al. 2014). Second, there appears to be the same or
less variability in future projections, especially for precipitation
and especially on the EFBR landscape. This may be a result
of the downscaling of the GCM climate data or it could be
inadequate GCM simulations. This lack of variability probably
resulted in unrealistic fire dynamics, especially for the CROWN
landscape where large fire years were rare in the future sim-
ulations. And last, there appears to be a problem with the
transition of the historical simulation to the future; temperature
projections at the end of the EFBR historical simulation do not
match the start of the future projections. This compromises the
validity of the short 95-year future projection if it is starting at
a different value than the historical end.

Management Implications

Active restoration involving thinning, burning, and planting
appears to be critical for conserving some Northern Rocky
Mountain U.S.A. whitebark pine ecosystems. The loss of
a major high elevation ecosystem from WPBR, MPB, fire
exclusion, and climate change might be irreversible and with it
goes tremendous biodiversity, ecosystem services, and ecosys-
tem function, thereby impoverishing our biological heritage
(Tomback et al. 2001a; Tomback & Achuff 2010). Restoration
provides a hedge against the adverse effects of climate warming
on whitebark pine and mitigates anthropogenic threats. How-
ever, the high uncertainty inherent in most current climate and
ecosystem models and assessments may limit our capacity to
assess whether restoration actions will be effective in the face
of climate change on certain landscapes. Silvicultural cuttings,
prescribed burning, wildland fire use, and planting are all
effective treatments to restore this valuable ecosystem now and
in the future, and without these treatments, our model predicts
that whitebark pine forests will continue to decline. Managers
are recommended to prioritize higher elevations of whitebark
pine’s current range for treatment, avoid planting in predicted
future ranges because of uncertainty in climate projections,
and utilize microsites for planting to mitigate possible climate
change effects. More detailed management recommendations
from this simulation study that supplement the Keane et al.

(2012) whitebark pine range-wide strategy are available in the
study of Keane et al. (2016).

Acknowledgments

This effort was mostly funded by the Great Northern Landscape
Conservation Cooperative (GNLCC). We also thank M. Ret-
zlaff, U.S. Forest Service, Rocky Mountain Research Station,
for extensive editing and quality control; R. Nelson, Crown of
the Continent Conservation Initiative; A. Bower, U.S. Forest
Service; S. McKinney, USGS; and K. Ireland, Montana State
University, for extensive reviews of various versions of the doc-
ument.

LITERATURE CITED
Abatzoglou JT (2011) Development of gridded surface meteorological data for

ecological applications and modelling. International Journal of Climatol-
ogy, 33:121–131. DOI: 10.1002/joc.3413

Abatzoglou JT, Brown TJ (2011) A comparison of statistical downscaling meth-
ods suited for wildfire applications. International Journal of Climatology,
32:772–780. DOI: 10.1002/joc.2312

Bates D, Maechler M, Bolker B, Walker S (2014) lme4: linear mixed-effects
models using Eigen and S4. R package version 1.1-7. http://CRAN.R-
project.org/package=lme4 (accessed 7 July 2014)

Callaway R (1998) Competition and facilitation on elevation gradients in sub-
alpine forests of the northern Rocky Mountains, U.S.A. Oikos 82:561–573

Callaway RM, Sala A, Keane RE (1998) Replacement of whitebark pine by sub-
alpine fir: consequences for stand carbon, water, and nitrogen cycles. Final
Report RJVA-INT-95086, USDA Forest Service, Fire Sciences Laboratory,
Missoula, Montana

Chang T, Hansen AJ, Piekielek N (2014) Patterns and variability of project
bioclimatic habitat for Pinus albicaulis in the Greater Yellowstone Area.
PLoS One 91:e111669

Crookston NI, Rehfeldt GE, Dixon GE, Weiskittel AR (2010) Addressing climate
change in the forest vegetation simulator to assess impacts on landscape
forest dynamics. Forest Ecology and Management 260:1198–1211

Dullinger S, Dirnböck T, Grabherr G (2004) Modelling climate change-driven
treeline shifts: relative effects of temperature increase, dispersal and inva-
sibility. Journal of Ecology 92:241–252

Ellison AM, Bank MS, Clinton BD, et al. (2005) Loss of foundation species:
consequences for the structure and dynamics of forested ecosystems.
Frontiers in Ecology and the Environment 3:479–486

Farnes PE (1990) SNOWTEL and snow course data: describing the hydrology of
whitebark pine ecosystems. Pages 302–305. In: Schmidt WC, McDonald
KJ (compilers) Proceedings—Symposium on whitebark pine ecosystems:
ecology and management of a high-mountain resource. General Technical
Report INT-270, USDA Forest Service, Intermountain Research Station,
Ogden, Utah

Funk J, Saunders S (2014) Rocky mountain forests at risk: confronting
climate-driven impacts from insects, wildfires, heat, and drought. Union
of Concerned Scientists, Cambridge, Massachusetts, 64 p

Gustafson E (2013) When relationships estimated in the past cannot be used to
predict the future: using mechanistic models to predict landscape ecologi-
cal dynamics in a changing world. Landscape Ecology 28:1429–1437

Gworek JR, Vander Wall SB, Brussard PF (2007) Changes in biotic interactions
and climate determine recruitment of Jeffrey pine along an elevation
gradient. Forest Ecology and Management 239:57–68

Hansen AJ, Phillips LB (2015) Which tree species and biome types are most
vulnerable to climate change in the U.S. Northern Rocky Mountains?
Forest Ecology and Management 338:68–83

Hoff RJ, Ferguson DE, McDonald GI, Keane RE (2001) Strategies for managing
whitebark pine in the presence of white pine blister rust. Pages 346–366.

March 2017 Restoration Ecology 231

http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4


Simulating climate impacts on restoration treatments

In: Tomback DF, Arno SF, Keane RE (eds) Whitebark pine communities:
ecology and restoration. Island Press, Washington D.C.

Holsinger LM, Keane RE, Isaak DJ, et al. (2014) Relative effects of climate
change and wildfires on stream temperatures: a simulation modeling
approach in a Rocky Mountain watershed. Climatic Change 124:191–206

Keane RE, Arno SF (1993) Rapid decline of whitebark pine in Western Mon-
tana: evidence from 20-year remeasurements. Western Journal of Applied
Forestry 8:44–47

Keane RE, Arno SF, Brown JK, Tomback DF (1990) Modelling stand dynam-
ics in whitebark pine (Pinus albicaulis) forests. Ecological Modelling
51:73–95

Keane RE, Holsinger LM, Mahalovich MF, Tomback DF (2016) Restoring
whitebark pine ecosystems in the face of climate change. General Technical
Report, USDA Forest Service Rocky Mountain Research Station, Fort
Collins, Colorado (in press)

Keane RE, Loehman RA, Holsinger LM (2011) The FireBGCv2 landscape
fire and succession model: a research simulation platform for exploring
fire and vegetation dynamics. General Technical Report RMRS-GTR-255,
U.S. Department of Agriculture, Forest Service, Rocky Mountain Research
Station, Fort Collins, Colorado

Keane RE, Mckenzie D, Falk DA, Smithwick EAH, Miller C, Kellogg LB (2015)
Representing climate, disturbance, and vegetation interactions in landscape
models. Ecological Modelling 310:33–47

Keane RE, Tomback DF, Aubry CA, Bower AD, Campbell EM, Cripps CL, Jenk-
ins MB, Mahalovich MF, et al. (2012) A range-wide restoration strategy for
whitebark pine forests. General Techical Report RMRS-GTR-279, USDA
Forest Service Rocky Mountain Research Station, Fort Collins, Colorado

Kendall KC, Keane RE (2001) Whitebark pine decline: infection, mortality, and
population trends. Pages 221–242. In: Tomback DF, Arno SF, Keane RE
(eds) Whitebark pine communities: ecology and restoration. Island Press,
Washington D.C.

Koteen L (1999) Climate change, whitebark pine, and grizzly bears in the greater
Yellowstone ecosystem. Pages 343–364. In: Schneider SH, Root TL (eds)
Wildlife responses to climate change. Island Press, Washington D.C.

Lambrecht SC, Loik ME, Inouye DW, Harte J (2007) Reproductive and physio-
logical responses to simulated climate warming for four subalpine species.
New Phytologist 173:121–134

Lee I (2003) Whitebark pine: keystone species in peril. Ecoforestry 11:28–31
Loehman RA, Clark JA, Keane RE (2011a) Modeling effects of climate change

and fire management on western white pine (Pinus monticola) in the
Northern Rocky Mountains, U.S.A. Forests 2:832–860

Loehman RA., Corrow A, Keane RE (2011b) Modeling climate changes and
wildfire interactions: effects on whitebark pine (Pinus albicaulis) and
implications for restoration, Glacier National Park, Montana, U.S.A. Pages
176–188. In: Keane RE, Tomback DF, Murray MP, Smith CM (eds)
The future of high-elevation, five-needle white pines in Western North
America: Proceedings of the High Five Symposium, 28–30 June 2010,
Missoula, MT. Proceedings RMRS-P-63, USDA Forest Service, Rocky
Mountain Research Station, Fort Collins, Colorado

Lorenz TJ, Aubry C, Shoal R (2008) A review of the literature on seed fate
in whitebark pine and the life history traits of Clark’s nutcracker and
pine squirrels. General Technical Report PNW-GTR-742, USDA Forest
Service, Pacific Northwest Research Station, Portland, Oregon

Mahalovich, MF, Foushee DL (Submitted) Pinus albicaulis Engelm. Genetic
restoration program for the Inland West (U.S.A.): a first generation of
improvement. In: Schoettle A, Sniezko R (eds) Challenges and opportuni-
ties in (1) genetics of five-needle pines and (2) rusts of forest trees research:
conservation, evolution and sustainable management in a changing climate.
Proceedings of the IUFRO Joint Conference 2.02.15 Breeding and Genetic
Resources of Five-Needle Pines, 7.02.05 Rusts of Forest Trees and Strobu-
sphere, 15–20 June 2014, Fort Collins, CO. Proceedings RMRS-P-XX,
U.S. Department of Agriculture, Fort Collins, Colorado

McDermid GJ, Smith IU (2008) Mapping the distribution of whitebark pine
(Pinus albicaulis) in Waterton Lakes National Park using logistic regres-
sion and classification tree analysis. Canadian Journal of Remote Sensing
34:356–366

McDonald, GI, Hoff RJ, Wykoff WR (1981) Computer simulation of white pine
blister rust epidemics. I. Model formulation. Research Paper INT-RP-258,
U.S. Department of Agriculture, Forest Service, Intermountain Forest and
Range Experiment Station, Ogden, Utah

McKenney DW, Pedlar JJ, Lawrence L, Campbell K, Hutchinson MF (2007)
Potential impacts of climate change on the distribution of North American
trees. Bioscience 57:939–948

Moritz C, Agudo R (2013) The future of species under climate change: resilience
or decline? Science 341:504–508

Murray MP, Rasumussen M (2003) Non-native blister rust disease on whitebark
pine at Crater Lake National Park. Northwest Science 77:87–91

McCaughey W, Tomback DF (2001). The natural regeneration process of white-
bark pine. Pages 105–122 in D. F. Tomback, S. A. Arno, and R. E.
Keane, editors. Whitebark pine communities: ecology and restoration.
Island Press, Washington, DC, USA

Nakicenovic N, Alcamo J, Davis G, de Vries B, et al. (2000) IPCC special report
on emissions scenarios emissions scenarios. Cambridge University Press,
Cambridge, United Kingdom, 599 p

Paine RT (1995) A conversation on refining the concept of keystone species.
Conservation Biology 9:962–964

Peters G, Andrews RM, Boden T, Canadell JG, Ciais P, Le Quéré C, Marland
R, Raupach MR, Wilson C (2013) The challenge to keep global warming
below 2 ∘C. Nature Climate Change 3:4–6

R Development Core Team (2014) R: a language and environment for statistical
computing. R Foundatino for Statistical Computing, Vienna, AustriaISBN
3-900051-00-3. http://www.R-project.org/

Rehfeldt GE, Crookston NL, Sáenz-Romero C, Campbell EM (2012) North
American vegetation model for land-use planning in a changing cli-
mate: a solution to large classification problems. Ecological Applications
22:119–141

Rupp DE, Abatzoglou JT, Hegewisch KC, Mote PW (2013) Evaluation of
CMIP5 20th century climate simulations for the Pacific Northwest
U.S.A. Journal of Geophysical Research, [Atmospheres] 188:1–13, DOI:
10.1002/jgrd.50843

Ryan KC, Reinhardt ED (1988) Predicting postfire mortality of seven western
conifers. Canadian Journal of Forest Research 18:1291–1297

Schrag AM, Bunn AG, Graumlich LJ (2007) Influence of bioclimatic variables
on tree-line conifer distribution in the Greater Yellowstone Ecosystem:
implications for species of conservation concern. Journal of Biogeography
35:698–710

Schwandt JW (2006) Whitebark pine in peril: a case for restoration. Report
R1-06-28, USDA Forest Service, Forest Health and Protection, Missoula,
Montana

Smith-McKenna EK, Malanson GP, Resler LM, et al. (2014) Cascading effects
of feedbacks, disease, and climate change on alpine treeline dynamics.
Environmental Modelling & Software 62:85–96

Tomback DF (1982). Dispersal of Whitebark Pine Seeds by Clark’s Nutcracker:
A Mutualism Hypothesis. Journal of Animal Ecology 51:451–467

Tomback DF, Achuff P (2010) Blister rust and western forest biodiversity:
ecology, values, and outlook for white pines. Forest Pathology 40:186–225

Tomback DF, Linhart YB (1990). The evolution of bird-dispersed pines. Evolu-
tionary Ecology 4:185–219

Tomback DF, Arno SF, Keane RE (2001a) The compelling case for management
intervention. Pages 3–28. In: Tomback D, Arno Stephen F, Keane RE
(eds) Whitebark pine communities: ecology and restoration. Island Press,
Washington D.C.

Tomback DF, Arno SF, Keane RE (2001b) Whitebark pine communities: ecology
and restoration. Island Press, Washington D.C., 440 p

Tomback DF, Kendall K (2001) Biodiversity losses: a downward spiral. Pages
76–89. In: Tomback DF, Arno SF, Keane RE (eds) Whitebark pine
communities: ecology and restoration. Island Press, Washington D.C.

Warwell MV, Rehfeldt GE, Crookston NL (2007) Modeling contemporary cli-
mate profiles of whitebark pine (Pinus albicaulis) and predicting responses
to global warming. Pages 139–142. In: Proceedings of the conference
whitebark pine: a Pacific Coast perspective. R6-NR-FHP-2007-01, USDA
Forest Service, Pacific Northwest Region, Portland, Oregon

232 Restoration Ecology March 2017

http://www.R-project.org/


Simulating climate impacts on restoration treatments

Supporting Information
The following information may be found in the online version of this article:

Table S1. Results of generalized linear mixed models for the effects of planting,
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Figure S1. Independent simulations of the long-term dynamics (500-year simulations)
of whitebark pine basal area (m2/ha) and proportion of landscape area in whitebark pine
zone.

Coordinating Editor: Beth Newingham Received: 13 January, 2016; First decision: 9 March, 2016; Revised: 1 July,
2016; Accepted: 1 July, 2016; First published online: 16 August, 2016

March 2017 Restoration Ecology 233


