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Abstract.  Extensive mortality of whitebark pine, beginning in the early to mid-2000s,
occurred in the Greater Yellowstone Ecosystem (GYE) of the western USA, primarily from
mountain pine beetle but also from other threats such as white pine blister rust. The climatic
drivers of this recent mortality and the potential for future whitebark pine mortality from
mountain pine beetle are not well understood, yet are important considerations in whether to
list whitebark pine as a threatened or endangered species. We sought to increase the under-
standing of climate influences on mountain pine beetle outbreaks in whitebark pine forests,
which are less well understood than in lodgepole pine, by quantifying climate—beetle relation-
ships, analyzing climate influences during the recent outbreak, and estimating the suitability of
future climate for beetle outbreaks. We developed a statistical model of the probability of
whitebark pine mortality in the GYE that included temperature effects on beetle development
and survival, precipitation effects on host tree condition, beetle population size, and stand
characteristics. Estimated probability of whitebark pine mortality increased with higher winter
minimum temperature, indicating greater beetle winter survival; higher fall temperature, indi-
cating synchronous beetle emergence; lower two-year summer precipitation, indicating
increased potential for host tree stress; increasing beetle populations; stand age; and increasing
percent composition of whitebark pine within a stand. The recent outbreak occurred during a
period of higher-than-normal regional winter temperatures, suitable fall temperatures, and low
summer precipitation. In contrast to lodgepole pine systems, area with mortality was linked to
precipitation variability even at high beetle populations. Projections from climate models indi-
cate future climate conditions will likely provide favorable conditions for beetle outbreaks
within nearly all current whitebark pine habitat in the GYE by the middle of this century.
Therefore, when surviving and regenerating trees reach ages suitable for beetle attack, there is
strong potential for continued whitebark pine mortality due to mountain pine beetle.

Key words: climate change; Dendroctonus ponderosae Hopkins; forest disturbance; Greater Yellowstone
Ecosystem; logistic regression, Pinus albicaulis; Pinus contorta var. latifolia.

Large-scale mountain pine beetle (Dendroctonus
ponderosae Hopkins) outbreaks have historically been
relatively uncommon and short-term in whitebark pine
(Pinus albicaulis) forests (Logan et al. 2010) because these
high-elevation forests were typically outside the beetle’s
thermal limits of development and cold tolerance
(Amman 1973). However, during the 2000s, widespread
outbreaks occurred in whitebark pine stands across the
western USA (Gibson 2006) with particularly severe tree
mortality in the Greater Yellowstone Ecosystem (GYE),
where 82% of catchments containing whitebark pine
experienced significant tree mortality (Macfarlane et al.
2013). The recent outbreak in the GYE caused whitebark
pine mortality of greater spatial extent and severity than
any previously recorded event for this host species (Logan
et al. 2010).

INTRODUCTION

Globally, there is evidence that climate change during
the last several decades has affected natural systems
(Rosenzweig et al. 2008, IPCC 2014). Extensive and
severe tree mortality, linked to climate change, has
occurred on all continents (Allen et al. 2010), and biotic
disturbance agents are often key components of this mor-
tality. Recent outbreaks by bark beetles have resulted in
>11 million hectares of tree mortality in western North
America (Meddens et al. 2012) and have been associated
with warm and dry conditions (Bentz et al. 2010, Weed
et al. 2013). Given projections of future warming, there
is strong potential for increases in insect-induced tree
mortality in the future (Bentz et al. 2010).

Manuscript received 9 December 2015; revised 26 April

2016; accepted 1 June 2016; final version received 27 June 2016.
Corresponding Editor: J. B. Bradford.
°E-mail: pbuotte@uidaho.edu

Whitebark pine is a keystone and foundation species of
high-elevation forests (Tomback et al. 2001). Whitebark
pines promote community diversity through production
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of highly nutritious seeds, which are a food source for
grizzly bears (Ursus arctos horribilis) and other animals
(Tomback et al. 2001). Whitebark pine seedlings are able
to establish in conditions too harsh for other tree species
(Tomback and Linhart 1990, Tomback et al. 1993), and
mature whitebark pine trees then provide shelter from
wind and ice abrasion, allowing less hardy species to
establish (Callaway 1998). Whitebark pines also regulate
snowmelt, stabilize rocky soils, and reduce soil erosion
(Arno and Hammerly 1984, Farnes 1990, Hann 1990,
Tomback et al. 2001).

Because of the recent extensive tree mortality and con-
tinuing threats that include climate change, white pine
blister rust caused by the nonnative invasive fungus
Cronartium ribicola, and the legacy of fire exclusion,
whitebark pine was recommended for listing as a
threatened or endangered species (USFWS 2011).
Climate influences on mountain pine beetles (e.g., Logan
et al. 2010) was a major reason for the finding (USFWS
2011). However, the climatic drivers of the recent out-
break and the potential for future events of this mag-
nitude are not well established (USFWS 2011).

Mountain pine beetle is a native insect that reproduces
within the main stems of pines. Adult females select
potential hosts, enter the phloem, attract mates, and ovi-
posit. The brood feed on phloem and adult-vectored
fungi as larvae, pupate, develop into teneral adults,
emerge, and seek new hosts. Effective dispersal distance
is typically approximately 5 km, but beetles can some-
times fly longer distances on convection currents
(Safranyik et al. 1992, Jackson et al. 2008). Pines are
equipped with multifaceted constitutive and induced
defenses that can repel or kill beetles (Raffa et al. 2008).
However, mass attacks by sufficiently large numbers of
beetles can overcome these defenses. The aggregation
pheromones that mediate mass attacks exploit specific
host compounds as precursors and or synergists
(Blomquist et al. 2010). Moreover, a variety of biotic and
abiotic environmental stresses on trees can compromise
their defense mechanisms (Raffa et al. 2005, Lindgren
and Raffa 2013).

There is substantial understanding of climate influ-
ences on mountain pine beetle outbreaks in lodgepole
pine (Pinus contorta var. latifolia) forests (e.g., Raffa
et al. 2008, Bentz et al. 2010). Temperature affects beetles
by regulating development rates. Ideal temperatures
allow for a one-year lifecycle and synchronized emer-
gence of adults in late summer, which permits mass attack
of trees and enables the brood to enter winter as late
instar larvae, the most cold-hardy life stage; this effect
has been termed “adaptive seasonality” (Logan and
Powell 2001). Beetles may require more than one year to
complete their lifecycle in regions with colder tempera-
tures common at higher elevations (Bentz et al. 2014).
Temperature also influences winter beetle mortality
(Régniére and Bentz 2007). Some beetle mortality occurs
when temperatures are lower than —30°C, and 100%
mortality occurs when conditions are below —40°C
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(Wygant 1940). Unseasonably cold weather (but above
—30°C) during fall and spring can kill beetles that are not
fully cold-hardened (Wygant 1940). Drought stress limits
a tree’s ability to defend itself against beetle attack (Kane
and Kolb 2010). However, severe drought stress can
result in thin phloem that limits food resources for larvae
(Amman and Baker 1972) and desiccates quickly
(Safranyik and Carroll 2006), thereby reducing brood
production.

Critical knowledge gaps remain concerning effects of
climate on mountain pine beetle outbreaks in whitebark
pine forests and the potential for future outbreaks given
a changing climate. Few field, experimental, or empirical
studies of mountain pine beetles in whitebark pine exist
relative to lodgepole pine, but the available data indicate
important differences (Raffa et al. 2013). For example,
whitebark pines can have a lower defensive capacity,
especially in induced reactions, and a chemical compo-
sition more amenable to beetle pheromone communi-
cation (i.e., higher proportions of precursors and
synergists, and lower induced quantities of inhibitors)
than lodgepole pines (Raffa et al. 2013). Hence, beetles
that entered whitebark pines were 38% more likely to
succeed in generating mass attacks than those that
entered lodgepole pines, even though beetles retain a
behavioral preference for lodgepole pine, in mixed
stands (Bentz et al. 2015). Thermal requirements for
completing a beetle generation vary across latitudinal
and elevational gradients (Bentz et al. 2014), and
therefore models that have been developed to predict
effects of temperature on beetle survival and devel-
opment in lower-elevation lodgepole pines (e.g., Bentz
et al. 1991) may be less applicable in higher-elevation
whitebark pines. These complex interactions could yield
different relationships between climate and outbreak
initiation or progression in different forest types.

Although past observational studies have analyzed
the recent widespread whitebark pine mortality in the
GYE (Logan et al. 2010, Jewett et al. 2011, Simard et al.
2012), these studies do not consider the full range of
important factors that include the effects of temper-
ature, moisture, the number of attacking beetles, and
stand structure. Thus, more detailed quantitative
analyses that link whitebark pine mortality from
mountain pine beetle to beetle populations, stand
structure, and multiple climate variables will increase
understanding of the causes of the recent outbreak and
allow for estimates of outbreak potential under future
climate conditions. This understanding can foster more
informed recommendations for future listing and man-
agement of whitebark pine (Keane et al. 2012). Given its
important role in high-elevation ecosystems of the
western USA (Tomback et al. 2001), increased under-
standing about future trajectories for whitebark pine is
also critical to understanding potential cascading effects
on wildlife, hydrology, and forest structure and function.

We investigated climate—beetle relationships in white-
bark pine in the GYE and projected climate suitability
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for whitebark pine mortality from mountain pine beetle
colonization under future climate scenarios. Our objec-
tives were to (1) quantify climate-beetle relationships
that influence whitebark pine mortality from mountain
pine beetle, (2) assess relative climate influences on the
initiation and progression of the recent outbreak, and (3)
project future climate suitability for whitebark pine mor-
tality from mountain pine beetle. We developed and eval-
uated a logistic regression model of the probability of
whitebark pine mortality from mountain pine beetle.
This model included variables that represent temperature
effects on beetle survival and development, precipitation
effects on host tree stress and subsequent influences on
attack success, stand characteristics, and beetle popu-
lation size. We used the model to describe climate—beetle
relationships and diagnose climate influences on the
recent outbreak. Finally, we applied the model to future
climate projections to estimate climate suitability for
whitebark pine mortality from mountain pine beetle and
foster development of subsequent mortality probability
models.

METHODS

Our spatial domain for developing the model of
whitebark pine mortality was the GYE in the western
USA (see Fig. 2b). The GYE encompasses Yellowstone
and Grand Teton National Parks and surrounding lands,
of which the national parks comprise approximately 25%
(Clark and Zaunbrecher 1987). Lower elevations are pre-
dominately grass-shrub communities, with willows (Salix
spp.) and cottonwoods (Populus spp.) along streams and
rivers. At higher elevations, coniferous forest types
include Douglas-fir (Pseudotsuga menziesii), lodgepole
pine, subalpine fir (4bies lasiocarpa), Engelmann spruce
(Picea engelmannii), and whitebark pine, which are inter-
mixed with montane meadows (Knight 1994). We defined
the range of whitebark pine as those 1-km grid cells
within the GYE with at least 108 (10%) 30-m grid cells
that have whitebark pine (Landenburger et al. 2008). The
30-m map was developed from satellite imagery and
overall classification accuracies exceeded  90%
(Landenburger et al. 2008). Given that whitebark pine is
a slow-growing species (Arno and Hoft 1989), its distri-
bution likely has not changed substantially since this map
was developed in 1999. Using this range definition, 1-km
grid cells containing whitebark pine occurred from 2,000
to 3,800 m, with an average elevation of 2,732 m.

Data sets used in model development

Response variable.—We used the USDA Forest Service
Aerial Detection Survey (ADS) database to define the
response variable as the presence of whitebark pine
mortality in each voxel (1-km pixel by year) within the
range of whitebark pine. ADS observers in aircraft re-
corded tree mortality from mountain pine beetle indi-
cating forest type (whitebark pine) and damage severity
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(number of killed trees). In the GYE, we assumed that
recent whitebark pine mortality has been primarily due
to mountain pine beetle attack and infection by blister
rust (Shanahan et al. 2014), with mortality from moun-
tain pine beetle much higher than mortality from blis-
ter rust (Shanahan et al. 2014). Blister rust does not
cause all needles on a tree to turn red in a single year as
mountain pine beetle colonization does; therefore mis-
identification of sources of mortality by observers was
unlikely.

Meddens et al. (2012) converted these ADS data to
1-km grids of the number of trees killed for each beetle
and tree species combination for the western USA. We
subtracted one year from the year of detection to convert
to year of beetle colonization because whitebark pines
attacked and killed in one summer turn red (allowing for
detection) the following summer. From this data set, we
identified the voxels with whitebark pine trees killed by
mountain pine beetle from 1996 to 2009. Voxels having
at least one tree killed were coded as having mortality
(0 = absence of mortality, 1 = presence). The aerial
surveys also report locations flown each year. Voxels that
were not flown during ADS surveys in a given year were
excluded from the model development data set.

Whitebark pine mortality from mountain beetles was
noted in Yellowstone Park in 1971-1979 and in 1983—
1984 (R. Renkin, unpublished data). ADS reports for the
GYE (available online) and observations (R. Renkin,
personal communication) indicated no mountain pine
beetle activity in whitebark pine stands from 1985
through 1995.7 We therefore set all voxels from 1985
through 1995 to zero trees killed.

Explanatory variables.—Explanatory variables were
chosen to represent known factors that influence moun-
tain pine beetle outbreaks in lodgepole pine, including
(1) winter beetle mortality, (2) adaptive seasonality,
(3) host tree defensive capabilities, (4) stand character-
istics, and (5) the number of attacking beetles the previ-
ous year (Aukema et al. 2008, Boone et al. 2011, Preisler
et al. 2012, Sambaraju et al. 2012). We created a suite
of candidate variables to represent each of these factors
(Table 1) and calculated an annual value for the time of
colonization (late summer) for each factor that repre-
sented the conditions leading up to attack. For example,
for colonization in 2001, the corresponding winter mini-
mum temperature (a potential variable representing bee-
tle mortality) was the minimum of monthly minimum
temperatures during December 2000 through February
2001 (i.e., the winter before colonization). Temperature
variables were calculated over one year, representing
a one-year life cycle, and over two years, representing
a two-year life cycle. For each factor affecting beetle
outbreaks, one explanatory variable (or in the case of
adaptive seasonality, two) was selected from the suite of

7 http://www.fs.usda.gov/detailfull/r1/forest-grasslandhealth/
2cid=fsbdev3_016103
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TaBLE 1. Description of candidate explanatory variables in generalized additive models of the probability of whitebark pine
mortality from mountain pine beetle in the Greater Yellowstone Ecosystem during 1985-2009.

Temporal
Original data  resolution of
Process Rationale Variable Description source source data
Climate conditions
Beetle winter mortality Unseasonably Thin minimum monthly minimum temp PRISM monthly
and/or extremely in December—Februaryf
low temperatures Coldt probability of winter survival from BioSIM daily
can cause direct the cold tolerance model
mortality of developed by Régniére and
overwintering Bentz (2007)+
insects. ECS presence/absence of an early cold BioSIM daily
snap, defined as four consecutive
days with temp <—20°C between
15 October and September
30 Novemberf
Drop20  number of days with >20°C drop in BioSIM daily
mean temperaturet
Mind40  number of days with min temp BioSIM daily
<—40°Ct
Adaptive seasonality Temperature Logan  0/1 of whether conditions were BioSIM daily
conditions can suitable for univoltinism
promote according to the adaptive
outbreaks by seasonality process model
allowing for a developed by Logan and
one-year life cycle Powell (2001)1
and near- Tmean  average temp 1 August-31 Julyf PRISM monthly
synchronous FallT average temp PRISM monthly
adult emergence. September—Novemberf
TMAA  average temp April-Augustf PRISM monthly
CDD cumulative degree-days above BioSIM daily

5.5°C from 1 August to 31 July;
DD = max(0,T-Tthresh)+
BDD binary of whether 833°C degree- BioSIM daily
days accumulated between 1
August and 31 Julyf

Tree drought stress Drought stressed VPDO1  average monthly vapor pressure PRISM monthly
trees have lower  through 05 deficit in current and %revious
defensive five growing seasons§
capabilities than CWDOl  cumulative climatic water deficit in PRISM monthly
healthy trees. through 05 current and previous five
growing seasonsy
PPTOl  cumulative monthly October— PRISM monthly
through 05 August precipitation in current
and previous five yearsq
JJAPPTO1l cumulative monthly June-August PRISM monthly
through 05 precipitation in current and

previous yearsq
Stand characteristics

Available host Outbreaks will RMWBP remaining whitebark pine = Meddens et al. annual
collapse when cumulative mortality area since (2012)
available host is 1998; *percentage of pixel with
depleted. whitebark pine

Stand composition More homogenous PCTWBP percentage of pixel with whitebark  Landenburger NA
stands will provide pine et al. (2008)
more host trees for
beetles.

Stand age Beetles prefer |older, Age age in years Pan et al. (2011) NA

larger trees.
Beetle populations

Local beetle pressure  Beetles can kill 1Y1 Log(number of mountain pine Meddens et al. annual
(number attacking healthy trees beetle-killed trees in the focal (2012)
beetles originating at high cell last year)
from within pixel) populations.

Adjacent beetle Idsp Log(weighted linear function of Meddens et al. annual
pressure (number number of mountain pine (2012)
attacking beetles beetle-killed trees in surrounding
originating from cells up to 6 km distant)

outside pixel)

Notes: tTwo variables: year of attack and previous year. {The effect of drought stress was allowed to vary with prior year
beetle pressure to account for large beetle populations being capable of killing healthy trees. §Growing season is May-October.
9Six variables: 0, 0-1, 0-2, ..., 0-5.
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candidate variables as described in the statistical model
development section below.

Beetle winter mortality was represented by candidate
temperature-based variables that were derived from
either daily or monthly climate data. The BioSIM
program (Régniére 1996) was used to spatially inter-
polate daily station data from the National Weather
Service Cooperative Observer Program stations to each
I-km grid cell using inverse distance weighting and
derived vertical lapse rates. These daily temperature
values were used to calculate several climate metrics to
estimate cold snaps (Table 1). BioSIM was also used to
calculate cold tolerance, the probability of beetle survival
over the winter, with the process model of Régni¢re and
Bentz (2007). This model tracks cold-hardiness fluctua-
tions as a function of daily temperature. Finally, we also
considered the lowest monthly minimum temperature
from December through February, using monthly 800-m
Parameter-elevation Regressions on Independent Slopes
Model (PRISM) data (version LT71m; Daly et al. 2008).

To represent adaptive seasonality, we considered both
daily and monthly temperature metrics (Table 1). The
adaptive seasonality process model within BioSIM calcu-
lates the probability of beetles achieving a one-year life
cycle and mass emergence in August using daily temper-
atures and laboratory measurements of beetle devel-
opment rates for each life stage (Logan and Powell 2001).
Other metrics computed from BioSIM-derived daily tem-
peratures assessed development based on degree-days.
We also considered monthly PRISM metrics: fall
(September—November) mean temperature (FallT) rep-
resenting development rate, appropriate timing for
entering winter in the most cold-hardy stage, and popu-
lation synchrony; and spring-summer (April-August)
means (TMAA) representing development rate and
emergence.

We represented tree drought stress and consequently
reduced defensive capabilities with a set of candidate var-
iables that included May—October vapor pressure deficit
(VPD), water-year and summer precipitation (PPT;
JJAPPT), and growing season climatic water deficit
(CWD) calculated for the current through previous five
years, resulting in six candidate variables for each drought
stress metric (Table 1). We used monthly 800-m PRISM
data for these variables. Climatic water deficit was com-
puted using the AET Calculator program (Gavin and Hu
2006), which estimates water balance using a modified
Thornthwaite method (Willmott et al. 1985); we assumed
a field capacity of 100 mm. We also assessed the occur-
rence of drought by inspecting drought conditions from
the US Drought Monitor (available online), which inte-
grates multiple drought indices.®

To isolate the effects of climate variables, we also
needed to account for the effects of non-climate variables
in our model. Local beetle pressure (the number of beetles
in the focal cell, Y1) was represented by the number of

$ http://droughtmonitor.unl.edu
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trees, of any species, killed by mountain pine beetles in
each grid cell the previous year (Preisler et al. 2012) using
1-km gridded ADS data (Meddens et al. 2012). Beetle
pressure from outside the cell of interest, or adjacent
beetle pressure (1dsp), was calculated from the number of
trees, of any species, killed by mountain pine beetle in the
neighborhood using an inverse-distance-weighted linear
function that declined to 0 at a 6-km radius (Turchin and
Thoeny 1993, Raffa et al. 2008), then subtracting the
number of trees killed in the focal grid cell. These beetle
population variables are important because of the pos-
itive density feedback exerted by pheromone-mediated
cooperative behavior (Raffa et al. 2008) and because
higher beetle populations increase the likelihood of suc-
cessful colonization and subsequent tree mortality
(Boone et al. 2011).

We calculated several variables representing stand
characteristics. The percent of each grid cell containing
whitebark pine (PCTWBP) was determined by summing
the area of 30-m grid cells defined by Landenburger et al.
(2008) in each 1-km grid cell. We estimated the area of
available host trees, here termed remaining whitebark
pine (RMWBP), by calculating 100 ha (the total area of
each 1-km grid cell) minus the cumulative hectares with
mortality since 1985 from Meddens et al. (2012). Stand
age (Age) was estimated from a 1-km resolution map of
average stand age for North America based on forest
inventory data, fire histories, and remote sensing data
(Pan et al. 2011). Data sets of biomass (Blackard et al.
2008), basal area (Krist et al. 2007), and quadratic mean
diameter (Krist et al. 2007) were available for this study
area, yet many grid cells with recorded beetle-caused
mortality from ADS data had zeros for biomass or basal
area. We were therefore not confident these data ade-
quately represented stand structure in the study area and
so did not use them in our models. We also evaluated a
map of whitebark pine distribution developed by the
Whitebark Pine Subcommittee of the Greater Yellowstone
Coordinating Committee (GY CCWBPSC 2010) that has
a categorical size class attribute but found noticeable
political boundaries (perhaps due to differences in meas-
urement protocols) and did not want to introduce those
delineations into the modeled climate suitability esti-
mates, so did not use these data.

Statistical model development

We modeled the probability of whitebark pine mor-
tality from mountain pine beetle with logistic regression,
defined by the equation

I J
logit(P)=P, + Y. s,(C)+ Y. s,(X)) )
i J

where P is the probability of tree mortality (at least one
tree killed) by mountain pine beetle and s,(C;) through
s{(X)) are tensor product smooth functions of the explan-
atory variables. C; through Cjrepresent climate variables
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affecting beetle winter mortality, beetle adaptive season-
ality, and host tree stress; X; through X represent vari-
ables describing remaining live host trees, stand structure,
and previous year beetle population (Table 1). The esti-
mated smooth functions of the explanatory variables are
the change in the log-odds of whitebark pine mortality
over the range of the variable, with log-odds set to zero
at the average value of all variables. Confidence intervals
around smooth functions were calculated through jack-
knifing by year: A population of smooth functions was
estimated from models developed from a set of data with
one year withheld at a time and confidence intervals cal-
culated from this population (Preisler et al. 2012).
Because beetles can kill healthy trees when beetle popu-
lations are high (Boone et al. 2011), we allowed the
drought stress variable to vary with beetle pressure by
including an interaction term, s(C,; X, m/')’ between
drought variables and beetle pressure. This interaction is
not shown in Eq. 1 because it was not significant and
hence not included in the final model used in our analyses
(see Results).

We used a model selection process ranking models
according to Aikake’s information criterion (AIC), fol-
lowing Burnham and Anderson (2002), to select the best-
fitting variable from our set of candidate variables for
each of the factors in Table 1. To assess correlation
among variables, we calculated concurvity (akin to mul-
tiple collinearity in a linear model) among variables in the
model (Hastie and Tibshirani 1990). Concurvity was
>(0.5 only between the variables percent whitebark pine
and remaining whitebark pine. PCTWBP was retained in
the final model because it was the stronger variable (lower
AIC). All models included (by prescription) percent
whitebark pine (PCTWBP), stand age (Age), local beetle
pressure (IY'1), and adjacent beetle pressure (Idsp). We
refer to the model containing the prescribed and selected
best-fitting variables as the “top” model (Fig. 1).

Spatial autocorrelation has the potential to incorrectly
increase confidence in a model, produce erroneous rela-
tionships between variables, and generate incorrect pre-
dictions. We therefore evaluated the potential for spatial
autocorrelation by calculating autocorrelation in the
residuals from our top model as well as from our top
model with the addition of a spatial term (x, y in UTM
coordinates). We also compared the log-odds plots of
these two models because differences between them may
indicate a spatial pattern not accounted for by the other
explanatory variables.

We assessed model goodness-of-fit model by com-
paring observed and predicted values both temporally
and spatially. The skill of the model in predicting total
area with mortality for each year in the study was assessed
by summing the modeled probabilities for each grid cell
over all whitebark pine locations in the study. The latter
sum was then used as our model estimate of expected area
with mortality in a given year. Predictions were calcu-
lated through a cross-validation procedure, whereby data
from the year being predicted were withheld and model
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parameters were calculated using the remaining years of
data. The result is the time series shown in Fig. 2a. In an
analogous way, we evaluated model predictions spatially
using cross-validation. We withheld data from each of
ten regions in the study area, estimated model param-
eters, then compared the predicted number of years with
whitebark pine mortality in that region with the observed
number of years of mortality. The results are the maps in
Fig. 2c. Following Pineiro et al. (2008), We plotted
observed vs. predicted area and number of years with
mortality and report the linear regression equations, R’
values, and P values from significance tests that the slopes
and intercepts differ from 1 and 0, respectively.

Application of statistical model

We applied the final statistical model, defined as the
model with the lowest AIC with one variable substitution
because of input data limitations (see Results), to assess
climate suitability for whitebark pine mortality from
mountain pine beetle for the past few decades and future
decades (see Fig. 1). We developed a climate suitability
index (CSI) based on the estimated log-odds in Eq. 1. The
CSI for a given voxel, m, was defined as the change in
log-odds due only to the climate variables. Specifically,
from Eq. 1 we have

1
CSIm = Z si(Cim)

This index is used to project the effects of climate
change on the odds of whitebark pine mortality. By
focusing only on the effect of the climate variables, we
were able to forecast climate change effects regardless of
the levels of other variables (e.g., beetle pressure, stand
structure) that were not available for future projections.
Forecasting the probability of whitebark pine mortality
is beyond the scope of this study.

In terms of the odds, our model is

OddS = gﬁo X eZ S(X) X ez s(C) (2)

Consequently, a log-odds value, CSI = Zs(C), of zero
implies no increase in the odds due to climate, since
eX5(O =0 = | while a suitability estimate >0 implies an
increase and <0 a decrease in the odds of mortality over
the average odds. The average of an explanatory variable
in our model is the mean over all voxels used to develop
the model. Finally, we developed an overall average
climate suitability index per year by summing the CS7,,
over all pixels (locations) for each year.

To estimate historical climate suitability and diagnose
influences of climate variables during recent decades, we
applied the final model to monthly 800-m PRISM data.
We initially sought to apply our statistical model back to
1900 to provide more context for recent patterns and to
evaluate our predicted climate suitability against known
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Flow diagram showing data inputs and models (open boxes) and processing steps (shaded boxes) used in the analyses of

climate influences on whitebark pine mortality from mountain pine beetle colonization, resulting in the final model, and application
of this model to estimate historical and future climate suitability for whitebark pine mortality.

past outbreaks in the GYE in the 1930s and 1970s
(Furniss and Renkin 2003, Lynch et al. 2006). Inspection
of low- and high-elevation weather stations revealed fre-
quent temperature inversions in the GYE. However, the
list of weather stations used in PRISM interpolations
indicated there were very few high-elevation stations con-
tributing observations before 1978, leading to more
uncertainty in PRISM temperatures at whitebark pine
locations in these times. PRISM interpolations after 1978
include weather stations at elevations ranging from 1,102
to 3,078 m. Thus, we chose to focus on the period 1978—
2009. A comparison of temperature and precipitation
variables from PRISM, Daymet (Thornton et al. 1997),
TopoWx (Oyler et al. 2015), and weather station data
during 1978-2009 showed similar temporal patterns in all
weather variables, indicating our results and conclusions
are robust with respect to the choice of gridded historical
climate data set.

To estimate future climate suitability, we applied the
final model to future climate projections. We included
projections from ten global climate models (GCM;
Appendix S1: Table S1) from the fifth Coupled Model
Inter-comparison Project results (Taylor et al. 2012),
selected based on their historical (1950-2010) fidelity
to observed climate in the western USA as determined
by Rupp et al. (2013), that were forced with low (RCP
2.6), moderate (RCP 4.5), and high (RCP 8.5) emis-
sions scenarios. We used downscaled GCM output
from monthly NASA Earth Exchange Downscaled
Climate Projections at 30 arc-second resolution
(Thrasher et al. 2013). We checked for consistency
between historical GCM and PRISM data to ensure we
could (1) apply our statistical model developed using
PRISM data to future GCM climate projections and
(2) calculate future climate suitability estimates that
would be comparable with historical climate suitability
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RMSE = 243 km? ), with (b) showing linear regression of observed area with mortality as a function of predicted area with mortality
(significance test slope = 1: P = 0.08, significance test intercept = 0: P = 0.37); and (c) space, showing observed (left map) and
predicted (right map) number of years with whitebark pine mortality between 1985 and 2009 (RMSE = 1.2 yr), with (d) showing
linear regression of observed years with mortality as a function of predicted years with mortality (significance test slope = 1:
P <0.05, significance test intercept = 0: P < 0.05). Colors in (c) indicate the number of years with observed and predicted mortality

for each pixel. Star on inset map shows location of study area within western USA.

based on PRISM data. Historical climate data for the
period 1978-2006 from each downscaled GCM pro-
jection were similar to historical PRISM weather data;
averaged over the study area and time period, GCM
winter temperatures were within 1°C of PRISM winter
temperatures and summer precipitation was within 6%
(Appendix S1: Fig. S1).

REsULTS

Whitebark pine mortality from mountain pine beetle
in the GYE increased from below-observable levels in
the late 1980s to a peak of just over 3,500 km? in 2008,
followed by a decline in 2009 (Fig. 2a). The area with
mortality each year represents new mortality in each

year, as opposed to the cumulative area with mortality
since 1985. Our cross-validated model predicted the
observed annual (Fig. 2a, b) and spatial (Fig. 2c, d) pat-
terns of tree mortality well. The slopes and intercepts of
observed vs. predicted values (Fig. 2b, d) indicate the
model tended to overestimate when mortality was low
and underestimate when mortality was high. However,
these trends were only significant for the spatial
regression (Fig. 2d), due in part to the large number of
spatial subsamples compared to temporal subsamples.
Autocorrelation in the residuals at a distance of 1 km
was low (0.11) in the model without a spatial term, and
including a spatial term only reduced this correlation to
0.09. Including a spatial term did not noticeably change
the log-odds plots of the explanatory variables, and
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therefore we did not include a spatial term in subsequent
analyses.

According to the AIC model selection process
(Appendix S1: Table S2), beetle winter mortality was
best represented by cold tolerance (Coldt), adaptive
seasonality was best represented by the average fall
temperature the year prior to colonization (FallT) and
the average April-August temperature in the year of
colonization (TMAA), and tree drought stress was best
represented by the cumulative precipitation during the
summer of colonization and previous summer
(JJAPPTO1; Appendix S1: Table S2). Cold tolerance is
a computationally expensive variable, and our objec-
tives included applying the model to large future climate
data sets. Substituting the minimum temperature of the
coldest winter month in the winter prior to attack
(T in)> Which was the second best winter mortality var-
iable (Appendix S1: Table S2), for Coldt did not sub-
stantially change the annual patterns of mortality nor
alter our interpretation of the influence of beetle winter
mortality or the other explanatory variables. We
therefore used T, in our final model (Appendix SI:
Table S2), and all subsequent results shown are from
this model.

Higher probability of tree mortality was associated
with stands with greater percentages of whitebark
pine, older stands, and increasing local (within the grid
cell) and adjacent (from outside the grid cell) beetle
pressure (Appendix S1: Fig. S2). According to the
stand age map (Pan et al. 2011), average stand age was
137 (£7) years, and 75% of stands were at least 87 years
old.

BEETLE OUTBREAKS IN WHITEBARK PINES
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Climate—beetle relationships that influence whitebark
pine mortality from mountain pine beetles

Whitebark pine mortality from mountain pine beetle
was more likely as winter temperature increased up to
about —12°C (Fig. 3a) and as fall temperature increased
up to about —2°C (Fig. 3b). The effect of April-August
temperature was similar but was not well estimated by the
model as indicated by the wide standard errors (Fig. 3c)
and was therefore not included in the final model.
Decreasing summer precipitation generally led to an
increasing probability of whitebark pine mortality.
However, at the lowest levels of precipitation whitebark
pine mortality appeared to decline, though not signifi-
cantly (Fig. 3d).

Relative climate influences on the initiation
and progression of the recent outbreak

Observed whitebark pine mortality began in 1998, and
the combined climate suitability index indicates greater
than average odds of suitable climate conditions for tree
mortality from beetle colonization after 1995, with excep-
tions in 1998, 1999, and 2005 (Fig. 4). Winter and fall
temperatures were more suitable beginning around 1995.
From 1978 to the early 1990s, winter minimum temper-
ature frequently had low or very low suitability values,
whereas after 1992, winter temperature suitability was
consistently higher. With a few exceptions, fall tempera-
tures were typically suitable during 1978-2009. Suitability
due to precipitation was higher in 1995-1996 and after
1999 (except 2005). Declines in the observed area with
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FiG. 3.

Effects of climate variables on the log-odds of whitebark pine mortality from mountain pine beetle. (a) Minimum

temperature of coldest winter month (representing beetle winter mortality), (b) average September-November temperature
(representing temperature control of life stage development rate and population synchrony), (c) average April-August temperature
(representing temperature control of life stage development rate), and (d) cumulative two-year summer precipitation (representing
drought effects on whitebark pine hosts). Dashed lines are pointwise 95% confidence intervals calculated from jackknifing by year.
Histograms show distributions of data used in model development.
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mortality occurred in years with lower precipitation
suitability (2002 and 2005).

US Drought Monitor maps of late August indicate
abnormally dry to severe drought conditions during
2000-2008, with multiple years of extreme to exceptional
drought. Additionally, plots of summer (Appendix S1:
Fig. S3) and water-year precipitation from PRISM data
show that multiple consecutive years of low precipitation
occurred in the 2000s more often than in previous
decades. In our study, this is reflected in the multiple
years of higher than average suitability levels for summer
precipitation observed between 2000 and 2008 (Fig. 4).

Whitebark pine mortality from mountain pine beetle
was recorded in Yellowstone National Park from 1971 to
1978 and 1981 to 1983, (R. Renkin, unpublished data),
although the spatial extents of these outbreaks were far
less than the most recent outbreak. The lack of mortality
in 1979 and for multiple years beginning in 1984 (not
shown) coincides with predicted low suitability of winter
minimum temperature (Fig. 4).

Future climate suitability for whitebark pine
mortality from mountain pine beetles

Future climate projections show increasing winter and
fall temperatures, with greater increases under higher
emissions scenarios and later in the century (Appendix S1:
Fig. S4). Projections of cumulative two-year summer pre-
cipitation are more variable (Appendix S1: Fig. S4). Given
these projections, modeled future climate suitability for
whitebark pine mortality from mountain pine beetle
increases in the future and is higher under higher emissions
scenarios and later in the century (Fig. 5; Appendix S1:
Fig. S5). Under the highest emissions scenario (RCP 8.5),
most projections indicate climate suitability from 2010
forward that is similar to suitability that occurred during
the recent outbreak (Fig. 5a). Modeled T, suitability is

relatively more consistent among climate projections than
other climate variables, with the near disappearance of
years with the extremely low winter temperature suitability
that occurred prior to the recent outbreak (Fig. 5a). Future
FallT suitability shows less intermodel variability and, on
average, has continuously high values after 2010 (not
shown). JJAPO1 suitability varies widely among climate
projections and does not show any long-term change rel-
ative to the historical period (Fig. 5b). Combined future
climate suitability varies substantially because of future
precipitation estimates, with more precipitation leading to
lower climate suitability and less precipitation leading to
higher climate suitability for beetles (Fig. 5b, ¢). Regardless
of future precipitation projections, GCM projections
agree on warming, which increases suitability for beetle
survival and development, and consequently fewer years
when climate is unsuitable for beetle-induced mortality to
whitebark pine (Fig. 5c).

We mapped T,,;, suitability (Fig. 6) because the tem-
poral patterns of this climate variable (Fig. 4) show a
clear difference before and after the recent outbreak.
Because spatial patterns of future climate suitability were
similar among GCM projections, we show results from
the multi-model average. Across the current range of
whitebark pine in the GYE, the proportion of winters
with high T,,;, suitability (defined as the T, suitability
index >0) for whitebark pine mortality increases in the
future (Fig. 6). Prior to the recent outbreak, in 1978-1997
(not mapped), the spatially averaged proportion of a
highly suitable winter was 0.47, and during the recent
outbreak, in 1998-2009, the proportion increased to 0.56.
Future projections indicate that the proportions will
increase to 0.75, 0.87, and 0.94 in 2010-2039, 2040-2069,
and 2070-2099, respectively. In the near term, spatial
variability exists, with the lowest suitability occurring in
portions of the Wind River Range (southeast GYE) and
the northeast GYE (Fig. 6).
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Discussion

Climate—beetle relationships that influence whitebark
pine mortality from mountain pine beetle

Whitebark pine mortality from mountain pine beetle
was predicted to increase with increasing temperatures in
fall, winter, and spring/summer seasons. Our modeling
structure allowed us to investigate the different effects of
temperature on beetle development and synchrony of
host-seeking adults. In our model, fall temperatures were

more important than spring/summer temperatures, sug-
gesting beetle population synchrony was an important
factor in the recent outbreak. Fall temperatures act to
synchronize beetle populations through differential
development rates among life stages (Logan and Powell
2001): when low temperatures arrive in late fall/early
winter, development stops for later life stages but
continues for earlier stages, allowing individuals in the
earlier stages to catch up to individuals in later stages.
Our modeling suggested a positive, though inconclusive,
influence of spring/summer (April-August) temperature
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FiG. 6. Proportion of years in range of years listed in each panel with winter minimum temperature suitability for whitebark
pine mortality from mountain pine beetle >0 (indicating more suitable winter conditions for beetle survival) during historical and
future time periods. Historical proportions were calculated from PRISM data. Future proportions are multi-model means of ten
downscaled climate projections forced with a high emissions scenario (RCP 8.5). Winter temperature suitability increases through
time, but in some regions of the study area the suitability increases more slowly than other regions.

on whitebark pine mortality. The range of spring/summer
temperatures over the period of model development may
have been insufficient to detect a conclusive influence.
Temperature effects on whitebark pine mortality from
mountain pine beetle were similar to those previously
found in the beetles’ primary host, lodgepole pine (Logan
and Powell 2001, Régnicre and Bentz 2007, Aukema et al.
2008, Raffa et al. 2008, Bentz et al. 2010, Preisler et al.
2012, Creeden et al. 2014, Weed et al. 2015). Increases in
minimum winter temperatures have been related to beetle
outbreaks in lodgepole pine (Creeden et al. 2014) and
mountain pine beetle population growth in colder regions
of the western USA (Weed et al. 2015). Increasing temper-
atures also affect mountain pine beetle phenology in lode-
gepole pine systems (Powell and Bentz 2009). These
similarities suggest that although the thermal requirements

necessary to complete a beetle generation vary across lati-
tudinal and elevational (and hence temperature) gradients
(Bentz et al. 2001, 2014), temperature is an important
influence on beetle survival, development, and population
synchrony across different forest types (and therefore dif-
ferent thermal regimes). Average fall and spring/summer
temperatures were a better predictor of whitebark pine
mortality than was the adaptive seasonality process model,
indicating that continued research on beetle development
rates will increase our understanding of and ability to
predict temperature effects on beetle life cycles.

We found that whitebark pine mortality increased as
precipitation declined, which is consistent with previous
mechanistic and correlative studies suggesting a reduction
in tree defense. However, at the very lowest levels of precip-
itation there appeared to be a decline in tree mortality
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(albeit not significant), suggesting reduced brood pro-
duction due to thinner phloem (Preisler et al. 2012).
Multiple studies have documented the co-occurrence of
tree-killing bark beetle outbreaks with decreased precipi-
tation (Rouault et al. 2006, Negron et al. 2009, Chapman
et al. 2012, Preisler et al. 2012, Gaylord et al. 2013, Hart
et al. 2014) and drier site topographic conditions (Kaiser
et al. 2013). Tree susceptibility to beetle attack increases
withincreasinglevels of drought stress (Raffaand Berryman
1983, Kane and Kolb 2010) because severe stress can
decrease the ability of trees to produce and translocate
defensive compounds (Ayres 1993, Breshears et al. 2009,
Bentz et al. 2010). For example, drought stress reduced the
production of resin canals in ponderosa pine (Pinus pon-
deros; Kane and Kolb 2010), which are an integral part of
tree defense against beetle attack (Kane and Kolb 2010).
Whitebark pine growth has been positively correlated with
precipitation (Perkins and Swetnam 1996, Millar et al.
2012), and Perkins and Roberts (2003) found whitebark
pine mortality from beetles was higher when precipitation
was lower and tree growth was less. We therefore interpret
summer precipitation as an index of tree drought stress and
hence tree defensive capability. Combined with the inher-
ently lower defensive capacity of whitebark than lodgepole
pine (Raffa et al. 2013), additional drought stress may be
particularly problematic for whitebark pine. The declines
(or leveling off) in mortality probability we found at the
lowest levels of precipitation could arise from highly
stressed trees having phloem too thin to support substantial
brood development (Amman 1969, Amman and Baker
1972, Cole 1975, Safranyik and Carroll 2006).

Other factors affecting whitebark pine mortality
from mountain pine beetle

Stand structure influences mountain pine beetle
attack in lodgepole pine (Amman and Baker 1972) and
whitebark pine (Perkins and Roberts 2003) stands;
older trees and denser stands are more susceptible
(Shore and Safranyik 1992, Shore et al. 2000). There
was insufficient data to quantify potential stand density
effects in our modeling. We found that tree mortality
increased with stand age, but as can be seen from the
magnitude of the change in the log-odds (Appendix S1:
Fig. S1), this effect was much less than other variables.
We found similar relationships between susceptibility
and stand age in whitebark pine, though shifted to
slightly older stands, as reported for lodgepole pine
(Shore et al. 2000). Based on this relationship and the
average stand age in the GYE (137 + 7 yr; Appendix S1:
Fig. S2d), most stands have probably been susceptible
to beetle colonization for at least 50 yr, and had climate
conditions been suitable, extensive outbreaks could
have occurred. Hence the lack of extensive continuous
whitebark pine mortality during previous decades, in
contrast to the duration and scale of recent outbreak
(Logan et al. 2010), provides additional evidence of the
important role of recent climate change.

BEETLE OUTBREAKS IN WHITEBARK PINES
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Relative climate influences on initiation and
progression of the recent outbreak

By applying our statistical model using climate data
since 1978, we were able to analyze climate influences
before the recent outbreak as well as during its initiation.
Winter temperatures were more suitable, and consist-
ently so, during the recent outbreak than in prior years,
suggesting higher winter temperatures allowed greater
beetle survival and beetle population growth, leading to
the recent outbreak. Preliminary analyses of tempera-
tures from long-term weather stations in the region and
PRISM over the 20th century suggest that low winter
minimum temperatures occurred more frequently in the
GYE during the early and mid-1900s than in recent
decades (see Appendix S1: Fig. S2).

Drought appears to have facilitated beetle population
increases, potentially by stressing host whitebark pines
and making them more susceptible to colonization. Low
precipitation prior to the outbreak, in 1995-1997, may
have lowered tree defenses and favored growth of low
(endemic) beetle populations. Tree mortality increased
during 1998-1999 when beetle populations were high
and precipitation was likewise high (and drought stress
would have been alleviated). Later in the outbreak, pre-
cipitation (and hence drought stress) appeared to con-
tinue to exert an influence on whitebark pine mortality
as can be seen from the high correlation between precip-
itation and area with mortality during 2004 through
2009. This continued correlation during high mountain
pine beetle populations in whitebark pines differs from
the outbreak patterns in lodgepole pines (Creeden et al.
2014), in which beetles switch their preferences to
unstressed trees during epidemics (Boone et al. 2011).
The mechanisms behind interspecific differences in
relationships between precipitation and tree mortality
during mountain pine beetle outbreaks are not well
understood. They could potentially arise from a number
of factors, including the beetle’s higher behavioral pref-
erence for lodgepole pine (Raffa et al. 2013, Bentz et al.
2015), the higher drought tolerance of whitebark pine
(Weaver 2001), or differences in how constitutive vs.
induced defense mechanisms respond to moisture deficit
(Lewinsohn et al. 1993, Kane and Kolb 2010). Further
research is needed to better understand the mechanisms,
roles, and context-dependency of drought during beetle
outbreaks in whitebark pine.

Future climate suitability for whitebark pine
mortality from mountain pine beetle

A combination of suitable tree, stand, landscape, and
climatic conditions is required for bark beetle outbreaks
(Raffa et al. 2008, 2015). We focused on estimating the
suitability of future climate conditions. Given projections
of future warming, we estimate that by mid-century,
climate conditions across most of the current whitebark
pine range in the GYE will commonly be as suitable for
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beetle colonization as conditions that occurred during
the recent outbreak. Under all climate projections, com-
bined climate suitability is higher at the end of this
century than at the beginning. Increased temperatures
are primarily responsible; precipitation projections and
their influence on suitability are variable among models
and years. The upper limits of temperature suitability are
less variable than lower limits (see Fig. 4), because at
higher temperatures the probability of whitebark pine
mortality plateaus and additional increases in temper-
ature do not increase beetle survival.

Caveats

Our measures of whitebark pine mortality and beetle
pressure relied on ADS data, which have spatial and host
tree identification error. Johnson and Ross (2008) eval-
uated the presence of bark beetle-caused tree mortality in
various tree species recorded by aerial surveys and found
errors of commission and omission decreased with
stand homogeneity and decreasing spatial resolution.
Whitebark pine tends to be homogeneous in the GYE
(Weaver 2001), and therefore spatial accuracy of ADS
observers was likely high. The inconsistent coverage of
areas flown in the GYE (Macfarlane et al. 2013) intro-
duces some uncertainty into our results, although we par-
tially accounted for this in our use of only flown areas for
defining the presence and absence locations used to
develop the statistical model of whitebark pine mortality.
Because whitebark pines have a distinctive crown shape
compared to lodgepole pine, misidentification of host
species, while possible, was likely minimal. Increasing the
accuracy, spatial, and temporal coverage of beetle out-
break data, such as by using satellite imagery (e.g.,
Meddens et al. 2013) will improve studies of climate
influences.

Implications

Therecent outbreak has substantially altered whitebark
pine forest structure (Gibson et al. 2008). Because
whitebark pines grow slowly, requiring up to 250 yr to
achieve diameters of 50 mm (Arno and Hoff 1989), stands
that experienced high mortality of large trees may not
have enough suitable trees to support large mountain
pine beetle populations for decades into the future.
However, beetles may continue to persist in nearby
lodgepole pine, which did not recently experience severe
mortality in the GYE (Meddens et al. 2012). Given the
suitability of future climate projections, whitebark pines
in the GYE will face a strong potential for beetle coloni-
zation as they achieve sizes preferred by beetles.

The future structural composition of whitebark pine
stands will likely be quite different from before the recent
outbreak: large whitebark pines may not be prevalent in
the GYE. Instead, whitebark pines may primarily exist as
young and/or small trees, which will still be vulnerable to
other threats such as white pine blister rust (Greater
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Yellowstone Whitebark Pine Monitoring Working
Group 2013).

Our results provide additional evidence for the
potential for major shifts in vegetation types in the GYE.
Climate change can affect the distribution and abun-
dance of whitebark pines and other forest types through
direct effects on the species themselves (Changet al. 2014)
as well as indirect effects through abiotic (e.g., fire;
Westerling et al. 2011) and biotic (e.g., mountain pine
beetles) disturbance agents.

Whitebark pine restoration may be most successful in
locations where beetle survival is limited by low winter
minimum temperatures. Our results indicate that several
regions in the GYE offer potential refugia from beetle
colonization in the early to middle decades of this century.
However, finer-resolution features not captured in our
results, especially locations with cold air drainage or sig-
nificant temperature inversions, will be important when
identifying potential refugia for whitebark pine. Reducing
greenhouse gas concentrations will limit future temper-
ature increases, decreasing suitability for beetle survival
and increasing the likelihood of whitebark pine persis-
tence into the future.

Warming and drought have been identified as
important drivers of forest insect outbreaks across the
globe, including those of bark beetles in Europe (e.g.,
Marini et al. 2012) and North America (e.g., Bentz et al.
2010). However, variability exists among which systems
are most affected and how climate effects are manifested.
Some major beetle outbreaks are initiated by windthrow
(e.g., Okland and Berryman 2004) and others are coupled
to drought (Raffa et al. 2008). In contrast to less
aggressive species such as pifion ips (Ips confusus), more
aggressive beetle species such as mountain pine beetle
are able to kill healthy trees during epidemics (Boone
etal. 2011) and therefore become less coupled to drought
after they surpass an eruptive threshold (Raffa et al.
2008). Our findings of a continued influence of drought
well into a mountain pine beetle outbreak in whitebark
pine indicates that further research is required to better
understand the role of drought stress on host-beetle
interactions.

Our study quantifies the role of past and future climate
in an important biotic disturbance that caused a wide-
spread forest die-off in a temperate forest. This adds to
an emerging body of evidence (Breshears et al. 2005, Berg
et al. 2006, Pureswaran et al. 2015) on the importance of
climate change impacts via trophic interactions and pro-
vides a foundation for illustrating climate change impacts
on ecological systems in a visible and meaningful way.
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