
211

                             Climate change could alter the distribution of mountain pine beetle 
outbreaks in western Canada          

    Kishan R.     Sambaraju  ,       Allan L.     Carroll  ,       Jun     Zhu  ,       Kerstin     Stahl  ,       R. Dan     Moore    and        Brian H.     Aukema           

 K. R. Sambaraju (kishan.sambaraju@rncan.gc.ca) and B. H. Aukema, Ecosystem Science and Management Program, Univ. of Northern British 
Columbia, Prince George, BC V2N 4Z9, Canada. Present address of KRS: Natural Resources Canada, Canadian Forest Service, Laurentian Forestry 
Centre, 1055 du P.E.P.S., PO Box 10380, Stn. Sainte-Foy, Quebec, QC GIV 4C7, Canada. Present address of BHA: Dept of Entomology, Univ. of 
Minnesota, 1980 Folwell Ave, St Paul, MN 55108, USA.  –  A. L. Carroll, Dept of Forest Sciences, Univ. of British Columbia, Vancouver, BC V6T1Z4, 
Canada.  –  J. Zhu, Dept of Statistics, Colorado State Univ., Fort Collins, CO 80523, USA. Present address of JZ: Dept of Statistics and Dept of 
Entomology, Univ. of  Wisconsin, Madison, WI 53706, USA.  –  K. Stahl, Inst. of Hydrology, Univ. of Freiburg, DE-79098 Freiburg, Germany.  –  
R. D. Moore, Dept of Geography and Dept of Forest Resources Management, Univ. of British Columbia, Vancouver, BC V6T 1Z2, Canada.                             

 Climate change can markedly impact biology, population ecology, and spatial patterns of eruptive insects due to the direct 
infl uence of temperature on insect development and population success. Th e mountain pine beetle  Dendroctonus pondero-
sae  (Coleoptera: Curculionidae), is a landscape-altering insect that infests forests of North America. Abundant availability 
of host trees due to altered disturbance regimes has facilitated an unprecedented, landscape-wide outbreak of this pest 
in British Columbia and Alberta, Canada, during the past decade. A previous outbreak in the 1980s, in central British 
Columbia, collapsed due to host depletion and extreme cold weather events. Despite the importance of such extreme 
weather events and other temperature-related signals in modulating an outbreak, few landscape-level models have stud-
ied the associations of extreme cold events with outbreak occurrences. We studied the individual associations of several 
biologically-relevant cold temperature variables, and other temperature/degree-day terms, with outbreak occurrences in a 
spatial-temporal logistic regression model using data from the current outbreak. Timing, frequency, and duration of cold 
snaps had a severe negative association with occurrence of an outbreak in a given area. Large drops in temperature ( � 10 ° C) 
or extreme winter minimum temperatures reduced the outbreak probability. We then used the model to apply eight dif-
ferent climate change scenarios to the peak year of the current outbreak. Our scenarios involved combinations of increas-
ing annual temperature and diff erent variances about this trend. Our goal was to examine how spatial outbreak pattern 
would have changed in the face of changing thermal regime if the underlying outbreak behaviour remained consistent. We 
demonstrate that increases in mean temperature by 1 ° C to 4 ° C profoundly increased the risk of outbreaks with eff ects fi rst 
being manifested at higher elevations and then at increasing latitudes. However, increasing the variance associated with a 
mean temperature increase did not change the overall trend in outbreak potential.   

 Temperature infl uences almost all aspects of insect life-
history/population-level processes such as development rate, 
seasonality, voltinism, and range (Bale et al. 2002, Battisti 
et al. 2005, Tobin et al. 2008, Faccoli 2009). In North 
American forest ecosystems, seasonal temperatures, for exam-
ple, play a key role in limiting populations of tree-killing 
bark beetles at various spatial scales by directly aff ecting their 
growth and survival, and can facilitate a transformation of 
stand-level endemic populations into landscale-level epidemic 
populations under optimal availability of high-quality host 
trees (Raff a et al. 2008). Given the sensitivity of insect eco-
logical processes to temperature, global climate change could 
potentially drastically alter outbreak patterns of eruptive for-
est insects (Carroll et al. 2004, Esper et al. 2007). Average 
global temperatures are projected to increase by 2–4 ° C by 
the end of the twenty-fi rst century under several greenhouse 
gas emission scenarios of the Intergovernmental Panel on 
Climate Change (IPCC) (IPCC 2007b). Such increases can 
cause range shifts of insects by turning climatically unsuitable 

habitats into suitable ones or vice versa (Ungerer et al. 1999, 
Williams and Liebhold 2002, Gray 2004). Potential move-
ment of epidemic insect populations to hitherto inhospitable 
forested regions due to climate change (Logan and Powell 
2001, Battisti et al. 2005) is of immediate concern due to 
the potential ecological, climatic, and socio-economic con-
sequences of insect outbreaks. Th ese impacts include altered 
forest structure and composition, elevated atmospheric CO 2  
levels due to the decay of dead trees (Kurz et al. 2008), and 
impacts on native communities (Parkins and MacKendrick 
2007). 

 Th e mountain pine beetle  Dendroctonus ponderosae  
(Coleoptera: Curculionidae: Scolytinae), is an eruptive, 
tree-killing bark beetle responsible for extensive mortality of 
mature pine trees in forests of western North America during 
epidemic conditions. Th e range of this herbivore spans from 
northern Mexico through the Pacifi c Northwest to north-
western Alberta in Canada, most frequently occurring at 
elevations of 1500–2600 m above mean sea level depending 
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on the latitude (Amman 1973, Safranyik 1978). In Canada, 
lodgepole pine  Pinus contorta  var.  latifolia , is the predominant 
host (Reid 1962a); however, several other species of pine such 
as ponderosa pine  P. ponderosa , western white pine  P. mon-
ticola , and jack pine  P. banksiana , are also attacked (Cerezke 
1995, Safranyik and Carroll 2006). Although mountain 
pine beetle-lodgepole pine associations have existed for mil-
lennia, the beetle ’ s outbreak in British Columbia during the 
past decade is the largest since monitoring began in the early 
twentieth century (BCMoFR 2010). In 2005, beetle infesta-
tions were detected in northwestern Alberta (ASRD 2009), 
a neighbouring region where infestations were relatively rare 
due to cold-induced beetle mortality during winter and/or 
inadequate heat unit accumulation for a successful univolt-
ine life cycle (Safranyik 1978). Since extremely cold winter 
temperatures had previously limited the spread of moun-
tain pine beetles to northern latitudes (Safranyik 1978), the 
transformation of previously unsuitable habitats to  ‘ benign ’  
habitats for beetle development is attributed to milder win-
ters and warmer summers believed to be associated, in part, 
with global climate change (Logan and Powell 2001, Carroll 
et al. 2006, Stahl et al. 2006a, Safranyik et al. 2010). 

 Th e biology, phenology, and behavioral ecology of the 
mountain pine beetle have been well-studied and extensively 
reviewed (see Safranyik and Carroll 2006 and references 
therein). In brief, the insect is univoltine over most of its 
range, although its life cycle can extend to two years (i.e. 
semivoltinism) at elevations  � 2600 m due to sub-optimal 
temperatures for insect growth (Amman 1973, Safranyik 
1978). Adults generally emerge from brood trees during 
mid-July through mid-August (Reid 1962a), and, after an 
initial period of fl ight, attack trees en masse via a coordinated 
pheromone-mediated aggregation (Pitman and Vite 1969). 
A high beetle attack rate, in concert with vectored fungi, can 
exhaust the tree ’ s defensive capacity. Mating occurs in the 
phloem and females oviposit in vertical egg galleries mid-
summer through early fall (Reid 1962a, b). Th ere are four 
instars in the beetle life cycle, and the third and fourth instars 
are usually exposed to the coldest weather during December 
through February (Wygant 1940, Bentz and Mullins 1999). 
During late spring and early summer, the larvae pupate. 
Adults eclose from the pupae in mid-summer, exit the tree, 
and seek new hosts. 

 Mountain pine beetles display  ‘ adaptive seasonality ’ , i.e. 
optimally timing life stages to synchronize adult emergence 
such that suffi  cient conspecifi cs may be available for host 
procurement (Logan and Bentz 1999). Winter temperatures 
are critical in fi ne-tuning the timing of adult emergence since 
diapause is believed to be non-existent (Bentz et al. 1991, 
Logan and Powell 2003). Frequent and/or prolonged occur-
rences of severe winter temperatures, however, are detrimen-
tal to the survival of the immatures and can cause widespread 
beetle mortality (Safranyik 1978). Late-instars are the most 
cold-tolerant stages capable of surviving winter temperatures 
in the range of �34 °  to �37 ° C (Wygant 1940, Safranyik 
and Linton 1998), although complete mortality may occur 
at temperatures colder than �40 ° C (R é gni è re and Bentz 
2007). Such cold temperature extremes apparently played a 
key role in the collapse of a mountain pine beetle outbreak 
in the Chilcotin area of central British Columbia during 
1984–1985 (Safranyik and Linton 1991, Stahl et al. 2006a). 

Despite the importance of extreme cold temperatures in lim-
iting eruptive beetle populations (Safranyik 1978), few land-
scape-level empirical models to date (Safranyik et al. 1975, 
Aukema et al. 2008) have examined a breadth of cold tem-
perature regimes that could potentially limit outbreaks, or, 
conversely, render previously unsuitable habitats amenable 
to insect populations via milder winters. 

 Th e objectives of this research were two-fold. First, we 
refi ne several biologically-relevant cold temperature vari-
ables in a spatio-temporal statistical model framework pro-
posed by Aukema et al. (2008) to study the association of 
temperature and elevation with the occurrence of moun-
tain pine beetle outbreaks in western Canada from 1992 
to 2007. Second, we study the spatial outbreak patterns of 
the beetle under a combination of four simulated climate 
change and two climatic variability scenarios using adapted 
terms from the model and the peak year of the current out-
break, 2005, as a case study. Our approach aims to provide 
a unique contribution to studies of climate change in two 
ways. First, we endeavour to examine the possible impact of 
short-term variability in temperatures on outbreak potential, 
in addition to mean trends. In addition to increases in mean 
global temperatures, inter-annual variability in frequency 
and severity of extreme weather patterns such as hot sum-
mers, mild winters, droughts, and heavy precipitation are 
expected to occur due to climate change (IPCC 2007b). We 
are unaware of any studies to date that have examined the pos-
sible impact of climatic variabilities on the future outbreak 
potential of mountain pine beetle. Second, the methodology 
in our case study bases data simulations on the developed 
empirical model. A variety of mechanistic (Logan and Powell 
2001, R é gni è re and Bentz 2007) and empirical (Safranyik 
et al. 1975, Aukema et al. 2008) approaches, and derivations 
thereof, are important to studying the potential impacts of cli-
mate change on the habitat suitability of mountain pine beetle 
(Hicke et al. 2006, Bentz et al. 2010, Safranyik et al. 2010). 
Development of new approaches is especially timely given the 
projected warming trends during mid-to-late twenty-fi rst cen-
tury across North America (Christensen et al. 2007).  

 Methods  

 Study grid 

 A grid covering the Canadian provinces of British Columbia, 
Alberta, Saskatchewan, and portions of the territories of 
the Yukon, and Northwest territories was generated using 
ArcMap (ESRI, Redlands, CA; Fig. 1). Th e grid was split into 
uniquely numbered cells that measured 0.1 °  latitude � 0.2 °  
longitude such that each cell was approximately 12 � 12 km 
in size (Aukema et al. 2006, 2008). Grid cells on the ocean 
were removed. In total, 17 063 cells were created (Fig. 1).   

 Mountain pine beetle data sets 

 Aerial survey data sets of red attack, or trees that had been 
killed by mountain pine beetle in the previous year, were 
obtained for the province of British Columbia from Forest 
Insect and Disease Survey (FIDS) of the Canadian Forest 
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Figure 1.     Study grid covering the provinces of British Columbia, Alberta, and Saskatchewan, and portions of the Yukon and Northwest 
territories. Each grid cell measures 0.1 °  latitude � 0.2 °  longitude.  

Service for 1990–1996 and from British Columbia Ministry 
of Forestry and Range for 1999–2007. Similar data for 
Alberta were obtained from Alberta Sustainable Resource 
Development from 2005 to 2007. For British Columbia, 
aerial survey data for years 1997 and 1998 do not exist. Th e 
locations and extent of tree mortality had been mapped on 
a 1:250 000 NTS map, and the maps were digitized into 
shapefi les using ArcGIS. We overlaid the yearly infestation 
shapefi les on the study grid (all spatial data in Albers pro-
jection; datum, NAD83) for each year. We used a binary 
variable, the presence ( � 1) or absence ( � 0) of a tree-killing 
population of mountain pine beetle per cell, as the response 
variable in our analyses. Only forested areas were included 
in the analyses.    

 Temperature data 

 For each grid cell in the study domain, daily minimum and 
daily maximum temperatures were derived by interpolation 

from station observations from 1990 to 2006. Th e database 
of observations included data from 1974 stations assembled 
from the climate station network of Environment Canada 
(available for download at Canadian Daily Climate Data 
(CDCD),  � www.climate.weatheroffi  ce.gc.ca/prods_servs/
index_e.html#cdcd � ) and the networks of fi re weather sta-
tions maintained by and available on request from the Forest 
Service in each province. Th e interpolation method incor-
porated the gradient plus inverse distance (GIDS) method 
together with a density-based station search. Th is method 
was generally the best performer of twelve candidate models 
tested by Stahl et al. (2006b) in the western part of the study 
area. Mean absolute errors of the cross-validation were gen-
erally below two degrees Celsius even during winter time, 
extremes, and at higher elevations given a suitable station 
coverage such as that of the 1990s (Stahl et al. 2006b). Th e 
GIDS method combines a multiple linear regression with 
the predictors longitude, latitude and elevation, with an 
inverse-distance-squared interpolation of the adjusted tem-
peratures (Nalder and Wein 1998). Elevation distributions 
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2 ° C 2 . We conducted these simulations over the  ‘ real world ’  
outbreak data for the peak year of the current outbreak, 
2005. Climate change over the study area was simulated by 
adding non-overlapping streams of random numbers from 
a Gaussian distribution of known mean ( μ   �  0, 1, 2, or 
4) and variance ( σ  2   �  1 or 2) to the daily maximum and 
minimum temperature data for years 2003 and 2004 for the 
entire study area (Fan et al. 2002). Th e altered temperature 
data set was then used to redefi ne the temperature covari-
ates that were then run through the multivariable spatial-
temporal logistic model. Th e resulting logits were back-
transformed to generate the probabilities of outbreak in a 
given cell (Supplementary material Appendix 1). 

 We evaluated the results of the simulations using two dif-
ferent approaches. In the fi rst approach, designated as the 
 ‘ mean ’  approach for convenience, we grouped cells into the 
following fi ve ordinal classes, very low (p  �  0.0–0.2), low 
(p  �  0.2–0.4), medium (p  �  0.4–0.6), high (p  �  0.6–0.8), 
and very high (p  �  0.8–1.0), based on their actual outbreak 
probabilities per simulation. We then calculated the mean 
number of cells in each outbreak class for one hundred simu-
lations for each combination of mean temperature increase 
and variability scenario. Regression analyses were performed 
to evaluate the relationship between changes in the num-
ber of outbreak cells and increases in mean temperatures 
under each variability scenario using SigmaPlot v. 10 (Systat 
Software, Chicago, IL). 

 In the second approach, designated as the  ‘ median ’  
approach, we calculated the median probability for each cell 
across the one hundred simulations for the four mean tem-
perature increase scenarios. We restricted our examinations 
to only one variability scenario (1 ° C 2 ) because we observed 
close similarity of initial results between the two variability 
scenarios. We grouped the median probabilities under the 
fi ve outbreak probability classes as mentioned earlier, and 
evaluated whether there was a change in the outbreak class 
for each cell under 1 ° C, 2 ° C, or 4 ° C compared to a 0 ° C mean 
temperature increase scenario. We mapped the cells where a 
change in outbreak class occurred in order to identify their 
locations in terms of whether the changes have occurred 
at elevations  � 1500 or  � 1500 m or at latitudes further 
north of the current range of the beetle. In Canada, eleva-
tions  � 1500 m are generally believed to be less favourable 
for mountain pine beetle development due to cooler tem-
peratures (Safranyik 1978). Finally, we graphed the actual 
number of cells and percentage of total cells per temperature 
increase scenario whose outbreak risk increased or decreased 
based on elevation.    

 Results 

 Our fi rst step of fi nding an appropriate combination of spa-
tial and temporal terms reveal that the likelihood of fi nding 
an outbreaking population of mountain pine beetle killing 
trees in a given area increased with occurrences of patches of 
dead trees in the same area in the past three years as well as 
in the surrounding 18–22 km in the same year (Table 2). All 
spatial and temporal covariates exhibited estimates of odds 
ratios of  � 1 (i.e. 1.6–5.1), indicating positive association 
with outbreak likelihoods. All further analyses include these 

for each grid cell were extracted from the higher resolution 
DEM Can3d30 ( � www.geogratis.ca/geogratis/en/collec-
tion/detail.do?id � 8880 � ) and, similar to the approach by 
Aukema et al. (2008), temperatures were interpolated to 
the centre of each grid cell using the 10th percentile eleva-
tion. Th is methodology was adopted because of the complex 
topography, i.e. large elevation ranges within many grid cells, 
of the study region. Th e 10th percentile elevation within 
each grid cell was selected as a reference to better represent 
conditions in elevation zones typically occupied by pine.   

 Data management and statistical analyses 

 Logistic regression was used to analyze the associations 
between the explanatory variables and the occurrence of 
mountain pine beetle outbreaks in each cell using PROC 
LOGISTIC (SAS 2008). Potential covariates were defi ned 
according to reasonable infl uence on the biology and phe-
nology of the beetle. Cold temperature variables included 
cold snaps, sudden temperature variations, and extreme 
minimum temperatures during winter (Table 1A). Other 
temperature and degree-day terms were adapted from previ-
ous models (Safranyik et al. 1975, Aukema et al. 2008). All 
covariates were generated from the baseline temperature data 
using SAS/STAT software v. 9.2. 

 Data analysis was initially limited to neighbouring spatial 
structures and occurrences of infestations in previous years 
for a given cell (Table 1B, C) to contend with spatial and 
temporal dependence in the data sensu Aukema et al. (2008). 
Each of the spatial and temporal variables was fi t in combina-
tion with the others to fi nd the best spatial-temporal depen-
dence structure before proceeding in an attempt to reduce 
coeffi  cient bias when examining temperature signals in our 
model. Models were selected based on the Akaike informa-
tion criterion (AIC) score, with a lower AIC value indicating 
a better fi t. Th en, infl uence of individual temperature terms 
on outbreak probability was studied by including a single 
variable along with the best fi tting combination of spatial 
and temporal terms (Aukema et al. 2008). Finally, all the 
covariates were included in a multivariable logistic regression 
also along with the best fi tting spatial and temporal terms 
and a model with the best subset of variables was selected by 
a backward selection method. Henceforth, we will refer to 
these models as spatial-temporal logistic regression models.   

 Climate change and climate variability simulations 

 According to the Fourth Assessment Report (AR4) of the 
IPCC (2007a), projections of the  ‘ likely range ’  of global 
temperature change by the end of the twenty-fi rst century 
are in the range of 1.1–6.4 ° C. In North America, for exam-
ple, annual temperature increases could be in the range of 
2–5 ° C and warming in the winter could reach 7 ° C or more 
(Christensen et al. 2007). We selected four conservative cli-
mate change scenarios of temperature increases of 0 ° , 1 ° , 2 ° , 
and 4 ° C. We also wanted to assess whether variability in the 
climate change scenarios has any impact on outbreak trend. 
Th us, we also selected two scenarios where the variance asso-
ciated with a given mean temperature increase was 1 ° C 2  or 
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Table 1. Temperature-related terms, spatial neighbourhood structures, and temporal infestation terms used in spatial-temporal logistic 
regression models to assess their association with the incidence of a mountain pine beetle outbreak per given grid cell in western Canada during 
1992–2007.

Variable Description Rationale

A. Temperature and degree day variables

Ecs Early cold snap1 occurring mid-October through 
November

Untimely occurrences or extended periods of sub-freezing 
temperatures can cause complete mortality of immatures 
resulting in a decline in mountain pine beetle populations 
(Safranyik and Linton 1991). 

Lcs Late cold snap occurring between March through 
mid-April

Ncs Total number of cold snaps occurring through out the 
winter

Acs Average duration of a cold snap during winter
drop0 Number of days of positive temperature changes2

A large drop in temperature, especially during late fall and 
early spring, can cause mortality of mountain pine beetle 
populations due to lack of cold-hardening caused by low 
levels of glycerol (Sømme 1964, Bentz and Mullins 
1999).  Therefore, we included several variables that 
represent fl uctuations in temperatures during any two 
consecutive days in winter and their association with 
occurrence of mountain pine beetle outbreaks.        

drop5 Number of days when a 0–5ºC drop in temperature is 
observed2 

drop10 Number of days when a 5–10ºC drop in temperature is 
observed2 

drop15 Number of days when a 10–15ºC drop in temperature 
is observed2 

drop20 Number of days when a 15–20ºC drop in temperature 
is observed2 

>drop20 Number of days when > 20ºC drop in temperature is 
observed2 

maxdrop The largest drop in daily average temperature during 
winter2

min30 Number of days with minimum temperatures at or 
below –30ºC during winter3

We included variables representing the cumulative 
occurrences of extreme temperatures at or below a 
certain threshold during winter to examine their 
association with the incidence of a mountain pine beetle 
outbreak per cell. 

Minimum temperatures around –40ºC can completely kill 
mountain pine beetle populations (Régnière and Bentz 
2007). 

min32 Number of days with minimum temperatures at or 
below –32ºC3

min34 Number of days with minimum temperatures at or 
below –34ºC3 

min36 Number of days with minimum temperatures at or 
below –36ºC3 

min38 Number of days with minimum temperatures at or 
below –38ºC3 

min40 Number of days with minimum temperatures at or 
below –40ºC3 

Max temp Maximum temperature during the beetle life cycle4 Maximum, minimum, and mean temperatures between 1 
August the previous year to 31 July the current outbreak 
year.

Min temp Minimum temperature during the beetle life cycle4

Mean temp Overall mean temperature during the beetle life cycle4

Avg Tsum

Average summer temperature4

Average summer temperature between mid-July through 
mid-August during the outbreak year.  Warm summers 
combined with low precipitation can reduce tree 
resistance and cause an outbreak (Thomson and 
Shrimpton 1984).

Opt Tsum Number of days with optimum summer temperatures Optimum temperature range for mountain pine beetle fl ight 
is between 18–30ºC (Reid 1962a, McCambridge 1971).  
Temperatures exceeding the optimal can reduce beetle 
fl ight and can limit the spread of an outbreak.

 T40
Number of days with summer temperatures > 40ºC

ddegg Degree-day accumulation for 50% egg hatch from 
August through November5

For 50% egg hatch in the mountain pine beetle, at least 305 
degree-days are required from 1 August through the end 
of the growing season (Reid and Gates 1970, Safranyik 
et al. 1975).  

Iegg A dichotomous variable (0/1) indicating successful 
degree-day accumulation for 50% egg hatch5

Pegg A multiplicative term of the above two egg-related 
degree-day terms conditioned upon successful 
degree-day accumulation for adults4

ddadult Degree day accumulation for adults from 1 August 
through 31 July5

Successful adult emergence occurs when the heat units 
accumulated by the insect exceed 833 degree days (Reid 
and Gates 1970, Safranyik et al. 1975) so that a univoltine 
life cycle is maintained.

Iadult A dichotomous variable (0/1) indicating suffi cient 
accumulation of degree days for adults (i.e. 833 
degree-days)5

Padult A multiplicative term for the above two adult degree-
day terms4

Tchange

Change in average annual temperature

This variable was included in the analyses in order to 
understand the association of short-term (inter-annual) 
variations in temperatures and mountain pine beetle 
outbreaks.

Elev

Elevation terms

Mean elevation of each cell.  Quadratic elevation term was 
used because mountain pine infestations are more 
common in the elevation range of 750–1500 m in 
Canada (Safranyik 1978).

Elev2

(Continued)
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Table 1. (Continued).

Variable Description Rationale

B. Spatial neighbourhood structure4

NN4 Summed binary responses in the four neighbouring 
cells Presence of discrete infestations in the immediate neigh-

bourhood is closely associated with  outbreaks (Aukema 
et al. 2008).  NN8 Summed binary responses in the neighbouring eight 

cells

C. Temporal infestation terms4

t-1 Presence or absence of an infestation the previous year
As outbreaks tend to progress through time in a given area 

for 1–3 yr, temporal infestation terms were included for 
each cell (Aukema et al. 2008).

t-2 Presence or absence of an infestation two years before 
the current year

t-3 Presence or absence of an infestation three years before 
the current year

1A cold snap is defi ned as a minimum of four continuous days of average winter temperatures at or below �20ºC.
2Temperature variations represent changes in average daily winter temperatures on any two consecutive days per cell.
3Cumulative number of days at or below the specifi ed minimum temperature threshold during winter.
4Adapted from Aukema et al. (2008).
5Adapted from Safranyik et al. (1975).

  Table 2. Maximum likelihood estimates of parameters and the corresponding odds ratio estimates of terms in best spatio-temporal model in 
initial model building exercise to select spatial and temporal terms for assessing the incidence of a mountain pine beetle outbreak per cell 
in western Canada during 1992–2007.  

Odds ratio

Variable Parameter est. SE Wald  χ  2 Estimate 95% confi dence limits

Intercept �5.0945 0.0349 21333.24  *  *  *    – – –
NN 4 0.8107 0.0474 292.26  *  *  *  2.249 2.050 2.468
NN 8 0.5871 0.0250 550.25  *  *  *  1.799 1.713 1.889
t -1 1.5261 0.0553 760.76  *  *  *  4.600 4.127 5.127
t -2 0.6609 0.0636 107.93  *  *  *  1.937 1.710 2.194
t -3 0.5867 0.0660 78.96  *  *  *  1.798 1.580 2.046

An odds ratio of �1 (or �1) for a covariate indicates that a unit increase in the value of the covariate increases (or decreases) the odds of 
fi nding a discrete outbreak per cell.  An odds ratio = 1 indicates no change in the odds of observing a patch of dead trees.
Signifi cance level: ∗∗∗p � 0.001.

variables to contend with spatial and temporal dependence. 
We fi rst present the infl uence of single environmental vari-
ables listed in Table 1 on the probability of occurrence of an 
outbreak within a cell. 

 Cold snaps or periods of four consecutive days with win-
ter average temperatures below �20 ° C decreased the out-
break probability within a cell (Table 3, Fig. 2a). Occurrence 
of early cold snaps during October–November had the larg-
est negative impact on beetle populations, moreso than cold 
temperature episodes in the spring, as that term exhibited 
the lowest odds ratio (Fig. 2a). Temperatures did not have 
to persist below �20 ° C for impacts on beetle populations 
to be noted, however, as increasing frequencies of sudden 
drops in average temperatures of  � 10 ° C during consecutive 
days in winter exhibited strong negative associations with 
an outbreak (Fig. 2b). In contrast, positive changes in tem-
peratures or day-to-day declines in temperatures of 0–5 ° C 
did not decrease the outbreak probability as the odds ratios 
remained around 1. When studying cumulative total, but 
not necessarily consecutive, days of temperatures of mini-
mum values, we found that extreme minimum tempera-
tures of �30 ° C or below decreased the odds of an outbreak 
response within a cell, with the trend becoming more prom-
inent with lowering of minimum temperatures thresholds 

from �30 ° C to �40 ° C (Fig. 2c). When examining terms 
associated with warm temperatures, we found that outbreak 
probabilities increased with higher maximum, minimum, 
and mean annual temperatures, average summer tempera-
tures, and with suffi  cient accumulation of degree days for 
50% egg hatch and adult emergence (Table 4). A negative 
quadratic elevation term indicates that outbreak probabili-
ties decreased at the lowest and highest elevations across our 
study area relative to the mean elevation (Table 4). 

 Th e best subset of explanatory variables selected by back-
ward selection from all previous variables is presented in 
Table 5. A total of 21 variables were included in the fi nal 
model and most retained the same sign as individual analyses. 
All cold-temperature terms selected by the model had nega-
tive parameter estimates, indicating that they were associated 
with reduced probability of occurrence of an outbreak within 
a cell. Parameter estimates for maximum temperature, mean 
temperature, and annual temperature change were positive, 
indicating that when other covariates were kept constant, a 
unit increase in each of these covariates would increase the 
probability of outbreak. Th e positive coeffi  cient associated 
with the binary indicator term for adult emergence indicates 
that successful accumulation of degree days for a univolt-
ine life cycle for mountain pine beetle strongly increases the 
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Figure 2.     Odds ratio estimates ( � 95% confi dence limits) for cold temperature covariates, (a) occurrence of cold snaps, (b) number of days 
with temperature drops, and (c) number of days of minimum temperature thresholds. Th e estimates were obtained by fi tting each variable 
by itself, in addition to all spatial and temporal terms listed in Table 2, in spatial-temporal logistic regression models.  

  Table 3. Maximum likelihood estimates of cold temperature coeffi -
cients, each fi t by itself in addition to all spatial and temporal terms 
listed in Table 2, in spatial-temporal logistic regression models for 
assessing the incidence of a mountain pine beetle outbreak per 
given cell in western Canada during 1992–2007.     

Variable Parameter est. SE Wald  χ  2 

Early cold snap (Ecs) �2.0529 0.2576 63.49  *  *  *  
Late cold snap (Lcs) �1.1788 0.1044 127.43  *  *  *  
Number of episodes (Ncs) �0.5487 0.0238 530.66  *  *  *  
Average duration (Acs) �0.1727 0.0076 513.98  *  *  *  
drop5 0.0346 0.0027 164.58  *  *  *  
drop10 �0.0628 0.0042 221.67  *  *  *  
drop15 �0.3140 0.0206 232.39  *  *  *  
drop20 �0.4446 0.0728 37.28  *  *  *  
  � drop20 �0.9002 0.3061 8.65  *  *  
Min30 �0.1355 0.0062 475.77  *  *  *  
Min32 �0.1995 0.0097 422.60  *  *  *  
Min34 �0.3064 0.0162 358.60  *  *  *  
Min36 �0.4530 0.0270 282.05  *  *  *  
Min38 �0.6742 0.0456 218.25  *  *  *  
Min40 �1.0462 0.0850 151.36  *  *  *  

Signifi cance level: ***p � 0.001, **0.001 < p � 0.01.

probability of an outbreak, keeping other covariate values 
constant. 

 Outbreak trends under diff erent climate change and cli-
mate variability scenarios based on the mean number of cells 
in each of fi ve classes of outbreak risk from very low to very 
high are shown in Fig. 3a–e. Increase in average temperatures 
by 1 ° C or more caused a decrease in the mean number of cells 
where the probability of an outbreak was very low (p  �  0.2), 
and a 2 ° C or a 4 ° C increase in mean temperature increased 
the mean number of cells in the  ‘ medium ’  risk class (Fig. 
3a, c). A curvilinear relationship was observed in the num-
ber of cells under higher outbreak risk (i.e. p  �  0.6) with 
increase in mean temperatures, where the highest outbreak 
potential occurred with mean increases of approximately 
2 ° C but decreased above and below this value (Fig. 3d–e). 
Overall, each simulated climate change scenario caused a 
redistribution of cells in the study grid comprising a land 
area of approximately 120 000–200 000 ha across British 
Columbia and Alberta from  ‘ low ’  risk (i.e. p  �  0.2) areas 

into higher risk categories. Increasing the variability associ-
ated with a mean temperature did not cause large diff erences 
in the mean numbers of outbreak cells under the diff erent 
probability classes. 

 When median outbreak probability per cell was consid-
ered for analysis (the  ‘ median ’  approach), we observed similar 
results as reported above. Increased temperatures enhanced 
the risk of outbreaks, especially at higher elevations. At only 
1 ° C increase in temperature, a signifi cant percentage of the 
higher risk cells occurred at the periphery of the existing 
outbreak in areas of higher elevation (Fig. 4a). Similar phe-
nomenon occurred with a mean increase of 2 ° C and 4 ° C, 
except that increasing outbreak probability was manifested 
at more northern latitudes in addition to higher elevations 
at 4 ° C (Fig. 4b, c). With an increase of 4 ° C over the course 
of a year, there was a 15% increase in outbreak potential 
noted at �120.8 ° W/58 ° N , which is ca 25 km north of 
the current range in British Columbia. Increasing mean 
temperatures caused increases in the net numbers of higher 
risk cells (Fig. 5a, b). Th e percentage of reduced risk cells 
occurring at elevations  � 1500 m was higher under a 4 ° C 
scenario, when compared to a 1 °  or a 2 °  scenario (Fig. 5a). 
Conversely, the percentage of cells with increased outbreak 
risk at elevations  � 1500 m was higher for 1 ° C mean tem-
perature increase scenario compared to a 2 °  or a 4 ° C scenario 
(Fig. 5b).   

 Discussion 

 Our results imply that temperature eff ects on the tree-killing 
behaviour of mountain pine beetle will be especially mani-
fested through winter weather patterns. Th ese include cold 
snaps, which may cause a 69–87% decrease in the odds of 
fi nding beetle killed-trees in a given area, and large, sudden 
drops in daily winter temperatures. In mountain pine beetle, 
cold hardening of larvae is dynamically regulated by glycerol 
levels in the hemolymph (S ø mme 1964, Bentz and Mullins 
1999). Glycerol levels fl uctuate with temperature. Production 
is induced by decreasing autumnal temperatures, while the 
compound is metabolized during early spring as temperatures 
warm and larvae initiate feeding. Large drops in tempera-
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  Table 4.    Maximum likelihood estimates of parameters and the corresponding odds ratio estimates, each fi t by itself in addition to all spatial 
and temporal terms listed in Table 2, in spatial-temporal logistic regression models for assessing the incidence of a mountain pine beetle 
outbreak per given cell in western Canada during 1992–2007.   

Odds ratio

Variable Parameter est. SE Wald  χ  2 Estimate 95% confi dence limits

Max drop 0.0734 0.0067 119.36  *  *  *  1.076 1.062 1.090
Max Temp 0.0038 0.0015 6.26  *  1.004 1.001 1.007
Min Temp 0.0403 0.0024 274.54  *  *  *  1.041 1.036 1.046
Mean Temp 0.1541 0.0079 384.41  *  *  *  1.167 1.149 1.185
Avg T sum 0.0213 0.0086 6.08  *  1.022 1.004 1.039
ddegg 6.36 � 10 �4 1.19 � 10 �4 28.39  *  *  *  1.001 1.000 1.001
I egg 0.3094 0.0536 33.31  *  *  *  1.363 1.227 1.514
P egg 4.15 � 10 �4 8.5 � 10 �5 23.69  *  *  *  1.000 1.000 1.001
ddadult 2.60 � 10 �4 6.2 � 10 �5 17.80  *  *  *  1.000 1.000 1.000
I adult 0.2419 0.0522 21.45  *  *  *  1.274 1.150 1.411
P adult 1.73 � 10 �4 3.8 � 10 �5 20.58  *  *  *  1.000 1.000 1.000
Elev 5.76 � 10 �3 2.58 � 10 �4 498.03  *  *  *  1.006 1.005 1.006
Elev 2 �2.06 � 10 �6 9.87 � 10 �8 437.07  *  *  *  1.000 1.000 1.000

Signifi cance level: ***p � 0.001, *0.01 < p < 0.05.

  Table 5.    Maximum likelihood estimates of parameters and the corresponding odds ratio estimates in a best multivariable spatial–temporal 
logistic regression model for assessing the incidence of a mountain pine beetle outbreak per given cell in western Canada during 1992–2007.  

Odds ratio

Variable Parameter est. SE Wald  χ  2 Estimate 95% confi dence limits

Intercept �7.1499 0.3824 349.60  *  *  *  – – –
Ecs �1.0116 0.3081 10.78  *  *  *  0.364 0.199 0.665
drop5 �0.0107 0.0036 9.04  *  *  0.989 0.983 0.996
drop15 �0.1100 0.0265 17.28  *  *  *  0.896 0.851 0.944
  � drop20 �0.8797 0.2664 10.90  *  *  *  0.415 0.246 0.699
Min30 �0.0506 0.0138 13.44  *  *  *  0.951 0.925 0.977
Min34 �0.0980 0.0320 9.40  *  *  0.907 0.852 0.965
Min40 �0.2716 0.0935 8.44  *  *  0.762 0.634 0.915
Max Temp 0.0257 0.0040 40.96  *  *  *  1.026 1.018 1.034
Min Temp �0.0228 0.0031 52.64  *  *  *  0.977 0.971 0.984
Mean Temp 0.2440 0.0271 81.11  *  *  *  1.276 1.210 1.346
P egg �1.31 � 10 �3 2.69 � 10 �4 23.83  *  *  *  0.999 0.998 0.999
I adult 1.3033 0.1447 81.09  *  *  *  3.682 2.772 4.889
P adult �8.60 � 10� 4 1.85 � 10 �4 21.44  *  *  *  0.999 0.999 1.000
T change 0.0628 0.0306 4.23  *  1.065 1.003 1.131
Elev 2.96 � 10 �3 2.91 � 10 �4 103.15  *  *  *  1.003 1.002 1.004
Elev 2 �1.08 � 10 �6 1.07 � 10 �7 101.72  *  *  *  1.000 1.000 1.000
NN 4 0.7506 0.0446 283.40  *  *  *  2.118 1.941 2.312
NN 8 0.4685 0.0238 388.19  *  *  *  1.598 1.525 1.674
t -1 1.3173 0.0526 627.24  *  *  *  3.733 3.368 4.139
t -2 0.5281 0.0596 78.53  *  *  *  1.696 1.509 1.906
t -3 0.4294 0.0617 48.41  *  *  *  1.536 1.361 1.734

Signifi cance level: ***p � 0.001, **0.001 < p � 0.01, *0.01 < p < 0.05.
AIC value for the model: 17244.05.

ture without previous cold hardening would be energetically 
expensive such that lethal eff ects would be manifested in less 
than a day (Wygant 1940, Safranyik and Linton 1998) and 
have disproportionate eff ects on tree-killing ability of next 
season ’ s progeny (Fig. 2a). Th is phenomenon is consistent 
with the magnitude of the minimum temperature coeffi  -
cients in our model that decrease as winter temperatures cool 
from �30 ° C to �40 ° C (Table 3), as well as previous results 
of Aukema et al .  (2008) and R é gni è re and Bentz (2007), who 
showed that 100% beetle mortality occurred at �40 ° C and 
no mortality was observed at �10 ° C. Forty-degrees below 

zero is generally believed to limit the spread of mountain 
pine beetle to northern, colder regions of Canada (Safranyik 
et al. 1975). Hence, extreme cold temperatures and sudden 
temperature drops, especially when acting in concert with 
host depletion during outbreak progression, may be eff ective 
in limiting insect populations. 

 Under the  ‘ mean ’  approach of climate change simulation, 
the net increase in the number of cells in higher outbreak 
probabilities concomitant with a decrease in the number of 
cells in the lowest probability class suggests two scenarios. 
First, the redistribution of land to higher risk classes could 
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Figure 3.     Mean outbreak potential (number of cells  	  SE) in response to simulated mean increases in temperature (x-axis) in the study region 
under two variability scenarios, which are represented by black ( σ  2   �  1 ° C 2 ) and grey bars ( σ  2   �  2 ° C 2 ). Th e ordinal probability classes,  ‘ very 
low ’  through  ‘ very high ’  (Fig. 3a–e) represent increasing risks of outbreak under the simulated climate change scenarios. Solid and dashed 
lines indicate regression curves fi tted using the original data under the two climatic variability scenarios. Asterisks indicate signifi cance levels 
of the regression ANOVA for each model (  *  *  *  p  �  0.0001; n  �  100 simulations per mean temperature increase scenario).  

refl ect an increase in outbreak probabilities in higher eleva-
tions and/or former climatically unsuitable habitats, due 
to temperature regimes increasingly conducive to beetle 
population success. Second, the pattern suggests a decrease 
in the outbreak probabilities in hotter habitats due to over-
accumulation of heat units, disrupting a strict univoltine 
lifecycle. In this case, eventual beetle mortality would be 
incurred by temporal asynchrony of life stages with seasonal 

temperatures such that the most cold-intolerant stages (eggs, 
pupae, and adults) would be exposed to extreme winter tem-
peratures. Such geographic redistribution of outbreak risk is 
consistent with previous studies on the impacts of climate 
change on the spatial distribution of mountain pine beetle 
in North America (Logan and Bentz 1999, Williams and 
Liebhold 2002, Hicke et al. 2006). We note, however, that 
places currently considered  ‘ high ’  or  ‘ very high ’  probability of 



220

  

Figure 4.     Elevational and latitudinal changes in median outbreak probabilities for mountain pine beetle under four simulated climate 
change scenarios at a variability of 1 ° C 2 . Cells coloured diff erently under (a) 1 ° C, (b) 2 ° C, and (c) 4 ° C mean temperature increases indicate 
areas where median probability for that particular cell increased or decreased to the next higher (red cells) or lower (green cells) risk class, 
respectively, compared to a 0 ° C temperature increase scenario. Arrow in (c) points to a grid cell (in red) at –120.8 ° W/58.0 ° N that showed 
a 15% increase in outbreak risk under a 4 ° C mean temperature increase.  

outbreak risk can decrease in risk with temperature increases 
above 2 ° C (Williams and Liebhold 2002, Hicke et al. 2006), 
typically attributed to broken adaptive seasonality cycles in 
previously conducive habitats (Logan and Powell 2001). 

 Our results also reveal that forested regions at high eleva-
tion and latitudes further north of the current range of the 
mountain pine beetle in British Columbia could become 
outbreak-prone due to climate change. Small shifts in tem-
perature resulted in occurrences of new areas of outbreaks 
fi rst at higher elevations (1 ° C and 2 ° C) and then at northern 
latitudes (4 ° C). Th at a new  ‘ low ’  probability outbreak area 

emerged at �120.8 ° W/58 ° N in northern British Columbia, 
even without spatial infestations in the immediate neigh-
bourhood for a 4 ° C mean annual increase in temperature, 
is particularly worrisome. Lodgepole pine extends north 
in British Columbia to the Yukon Territory, well above the 
current geographic range for the insect. Range shifts for the 
insect in response to temperature are not unprecedented, as 
Carroll et al. (2004) provided evidence that the mountain 
pine beetle has expanded its range in western Canada to 
historically unfi t habitats due to climate change during the 
last 30 yr of the twentieth century. Future range expansion 
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  Figure 5.     Numbers of cells, and percentages of total cells per tem-
perature increase scenario, showing increased or decreased risk of a 
mountain pine beetle outbreak under simulated 1 ° C, 2 ° C, and 4 ° C 
mean temperature increases, compared to 0 ° C, and under 1 ° C 2  
climatic variability scenario. Data have been emphasized based on 
elevations of (a) �1500 m m.s.l. and (b)  �  1500 m m.s.l.  

of the insect into northern latitudes of western Canada due 
to climate change-induced habitat suitability is highly pos-
sible (Bentz et al. 2010, Safranyik et al. 2010), which could 
result in  ‘ na ï ve ’  host trees in those regions being exposed to 
beetle populations. Given the greater reproductive success of 
mountain pine beetles in historically uninfested host trees 
(Cudmore et al. 2010), favourable thermal regimes due to 
climate change may facilitate a faster transitioning of smaller 
beetle populations to epidemic levels potentially causing 
extensive tree mortality. Th is may have large additional con-
sequences to carbon budgets at the landscape scale (Kurz 
et al. 2008). 

 Bale et al .  (2002) suggest that the  ‘ unpredictability ’  
accompanying climate change, i.e. abrupt cycles of cold and 
warm weathers, may have a greater impact on the biology 
and ecology of an insect species than the overall increases in 

mean temperatures. For example, in the case of southern pine 
beetle  D. frontalis , variability in annual minimum tempera-
tures aff ected winter mortality more than average increases 
(Ungerer et al. 1999). In our study, climatic variability asso-
ciated with mean temperature increase did not signifi cantly 
alter the trend in mean cell numbers under the diff erent prob-
ability classes. While the similar patterns could be attributed 
to small variances used (e.g. 1 ° C 2  and 2 ° C 2 ), further stud-
ies are needed to thoroughly examine the eff ects of high cli-
matic variability, such as targeted mean temperature increases 
in only winter or summer, sudden changes in temperature 
patterns, and variations in precipitation, on mountain pine 
beetle outbreak dynamics. Any of these scenarios could break 
cycles of adaptive seasonality in previously conducive habitats 
(Logan and Powell 2001). 

 Eff ects of global climate change on the population ecol-
ogy of mountain pine beetle are likely to be non-linear and 
complex. Evaluating multiple variables simultaneously in a 
model is not straight-forward as environmental covariates 
frequently share common variation or are collinear (Graham 
2003).  ‘ Coeffi  cient shifts ’  for some of the covariate terms 
(e.g. p egg  ,  p adult  ,  drop5) when they were used by themselves 
(Table 3, 4) or with other variables (Table 5) after incorpo-
rating spatial and temporal terms could be due to multicol-
linearity among the variables (Aukema et al. 2008, Bini et al. 
2009). Ecological interactions of an insect species are inter-
twined with the biotic community at various trophic levels 
within a forest ecosystem. Each of these cohabiting organ-
isms will respond in their own characteristic way to changes 
in climate, thus directly or indirectly impacting population 
growth of the target insect (Bale et al. 2002, Walther et al. 
2002, Bentz et al. 2010). Spatially-disjunct populations of 
the mountain pine beetle distributed in its northern and 
southern host ranges in North America may respond and 
adapt diff erently to climate change by exhibiting fl exible 
growth characteristics (Bentz et al. 2001). Furthermore, it 
is not just the temperature that can impact mountain pine 
beetle ecosystem processes, as precipitation, or lack thereof 
can signifi cantly infl uence initiation or proliferation of an 
outbreaking population of this species (Safranyik et al. 1975, 
Th omson and Shrimpton 1984). Stand-level variables such 
as tree species composition, stand density, stand age, and 
basal area also infl uence the susceptibility of a stand for a 
mass attack and subsequent population success of the bee-
tle (Perkins and Roberts 2003, Hicke and Jenkins 2008). 
Models that take into account shifting ranges of tree species 
(Hamann and Wang 2006, Bentz et al. 2010) and/or partic-
ularly vulnerable stress points in mountain pine beetle eco-
system processes will be critical to predicting and mitigating 
eruptions of this native herbivore, especially as it potentially 
moves eastward through the boreal pine forest of Canada 
(Safranyik et al. 2010). 

 In conclusion, our models and climate change simula-
tions show that 1) extreme winter weather patterns such as 
large temperature drops are detrimental to mountain pine 
beetle outbreaks, 2) climate change-induced temperature 
increases could increase the risk of future outbreaks at higher 
elevations and northern latitudes in British Columbia and 
Alberta, with a concomitant decline in outbreaks at low-
to-mid elevations in southern British Columbia, and 3) low 
variabilities associated with mean temperature increases may 
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not signifi cantly alter the outbreak risk. Global temperature 
increases pose a potential threat to Canada ’ s boreal forests via 
eruptive beetle populations moving further north and east 
of their current range. An expanding disturbance footprint 
(Safranyik et al. 2010) could further threaten forest carbon 
sinks in North America, which in turn could provide positive 
feedback to the global climate system (Kurz et al. 2008).                    
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