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 2 

Abstract 1 

We quantified the presence of 17 individual disease, insect, animal, and abiotic agents in 15-30 2 

year-old lodgepole pine-leading stands in southern interior British Columbia, Canada. Data were 3 

collected from an average of nine 50m2 plots at each of 66 randomly selected sites that had 4 

previously met provincial standards for condition and stocking. Hard pine stem rusts, primarily 5 

western gall rust (Endocronartium harknessii), were present on every sampled site and affected 6 

over 20% of lodgepole pine. Pine needle cast (Lophodermella concolor), Sequoia pitch moth 7 

(Synanthedon sequoiae), pine terminal weevil (Pissodes terminalis), and ungulate damage were 8 

each present on over 40% of sites and affected 2-4% of lodgepole pine. We used stepwise logistic 9 

regression to predict the presence of individual damaging agents from location, site, stand, 10 

silviculture treatment, and climatic factors (generated by ClimateBC), and were able to account 11 

for 6-46% of the variation based on rescaled R2 values. The most successful model predicted 46% 12 

of the variation in lodgpole pine dwarf mistletoe (Arceuthobium americanum) presence. Odds-13 

ratios for predictive factors suggested geographic and site characteristic trends associated with 14 

increasing risk of individual agents. Increases in risk of damage to lodgepole pine from hard pine 15 

stem rusts, mountain pine beetle, dwarf mistletoe, and pine needle cast were related to variables 16 

associated with warming climatic conditions.17 



 3 

 Introduction 1 

Lodgepole pine (Pinus contorta Dougl. ex Loud. var. latifolia Engelm.) has many 2 

postitive attributes as a regeneration species and it has been extensively planted across the 3 

southern interior of British Columbia during the past four decades (BC Min. For. 2000). 4 

However, the recent loss of mature lodgepole pine to the mountain pine beetle (Westfall and 5 

Ebata 2007; Kurz et al. 2008) places a high premium on the assumption that these stands will 6 

remain healthy and follow predicted growth and yield trajectories. At present, no formal process 7 

for monitoring stand health beyond approximately age 12-15 years exists in British Columbia, but 8 

anecdotal reports of health problems in juvenile stands, coupled with apprehensions regarding the 9 

effects of climate change, have raised the profile of this issue.  10 

There is little doubt that the magnitude of the mountain pine beetle outbreak is linked to 11 

changing environmental conditions associated with climate change (e.g., Kurz et al. 2008; 12 

Parmesan 2006; Walther et al. 2002), and other host-pest relationships are equally likely to be in 13 

flux as changing temperature and precipitation conditions affect the range of individual species 14 

and the phenological synchrony of coevolved pairs (Woods et al. 2005; Parmesan 2006;  Logan et 15 

al. 2003). Pathogens and insects that have previously been strongly limited by environmental 16 

constraints may gain importance as local environmental conditions shift (Coakley et al. 1999; 17 

Woods et al. 2005). Organisms do not respond to global averages of changing temperature and 18 

precipitation, but rather to regional changes, which may be highly heterogenous and much more 19 

extreme (Walther et al. 2002). Lodgepole pine has a wide ecological amplitude, with good long-20 

term productivity predicted over a broad range of soil moisture and nutrient conditions (Klinka et 21 

al. 2000), and it is also highly resistant to drought, frost, and low soil nutrient availability (Burns 22 

and Honkala 1990). As a result, it has been used to regenerate a broad spectrum of sites, and may 23 

be particularly susceptible to climate-induced changes in the range of various damaging agents. 24 

In 2007, following reports of increasing seriousness of hard pine stem rust and foliar 25 

disease problems in west-central British Columbia (Woods et al. 2005; Woods and Bergerud 26 
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2008), a project was organized to examine the importance of individual disease, insect, animal, 1 

and abiotic factors affecting lodgepole pine health in the southern interior. In addition to 2 

quantifying the presence of individual agents, the project was also designed to identify location, 3 

site, stand, treatment, and climatic factors that were associated with increasing risk of damage to 4 

young lodgepole pine. We expected that this information would provide focus for current 5 

management and predictive endeavors involving young lodgepole pine stands, as well as provide 6 

insight into the effects that climate change might have on individual host-damaging agent 7 

interactions. Specific objectives were: (1) To quantify the incidence of individual damaging 8 

agents on 15-30 year-old lodgepole pine in southern interior British Columbia; (2) To identify 9 

geographic, site, climatic, and treatment factors associated with increasing risk of individual 10 

agent occurrence; and (3) To suggest how interactions between lodgepole pine and individual 11 

damaging agents will be affected by predicted trends in climate change for British Columbia. 12 

 13 

Methods 14 

Site selection, field sampling, and compilation of climatic and treatment data 15 

A total of 66 southern interior British Columbia lodgepole pine leading sites were 16 

randomly selected from the BC Ministry of Forests RESULTS database. Sites were ≥ 15 ha in 17 

size, had been planted with lodgepole pine between 1977 and 1992, and met provincial 18 

government requiurements for free growing prior to 2007. The resulting sites were situated at 19 

latitude N49.0 - 52.9o and longitude W115.5 to 123.5o, at elevations ranging from 620-1690 m, 20 

and spanned six biogeoclimatic zones (Meidinger and Pojar 1991) (Table 1, Figure 1). At each 21 

site, an average of 9 systematic-randomly located 3.99 m plots were established at 100 m 22 

intervals. Elevation and latitute/longitude were recorded at the start of the transect. Slope, aspect, 23 

slope position, and absolute soil moisture regime (ASMR) (Lloyd et al. 1990) were recorded for 24 

each plot. Within each plot, species was recorded for each conifer ≥ 50 cm tall, and damaging 25 

agent presence was recorded for all pine ≥ 50 cm tall. Climatic information, based on the 26 
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latitude/longitude recorded for each site was obtained from Climate BC (based on the period 1 

1971-2000 (Wang et al. 2006). Silviculture treatment information was obtained from RESULTS. 2 

Aspect (in degrees) was converted to the continuous variables northness and eastness 3 

where: 4 

 northness =cos(aspect*(3.14159/180)) 5 

 eastness= sin(aspect*(3.14159/180)) 6 

 7 

and (Lloyd et al. 1990) ASMR codes were converted to a continuous scale of 2 (very dry) to 6 8 

(very moist). 9 

 10 

Data analysis 11 

Data were checked for normality and outliers and summary statistics were compiled by 12 

biogeoclimatic zone. Logistic regression was used to determine whether associations existed 13 

between geographic, site, stand, climatic, or treatment factors and the incidence of individual 14 

damaging agents. The general form of the model is: 15 

 16 

Y = exp(β0 + β1x1 + β2x2+ …+ βkxk)/1 + exp(β0 + β1x1 + β2x2+ ….…+ βkxk)     (Model 1) 17 

 18 

where Y is a damaging agent, β0 is the intercept, β1 ….βk are estimated coefficients, and x1…xk are 19 

independent location, site, stand, climatic, or treatment variables.  20 

All analyses were done using SAS PROC LOGISTIC (SAS Instititute, Inc. 2002-2003).  21 

A total of 559 plots were used in the analysis. The events/trials syntax of PROC LOGISTIC was 22 

used, where events were equal to the number of trees on a plot affected by a given agent, and 23 

trials were equal to the total number of trees on the plot. Predictive factors were either continuous 24 

(e.g., elevation, northness, eastness, latitude, longitude and climatic variables), categorical (e.g., 25 

ASMR, slope position), or binary (treatments).  Treatments (e.g., burning, mechanical 26 



 6 

preparation, brushing) were coded as yes or no for each plot. A stepwise regression was fitted 1 

with predictive factors allowed to enter or leave the model automatically. 2 

 3 
Results 4 

Stem disease 5 

Western gall rust was the most commonly recorded damaging agent. It was present on all 6 

sampled sites and affected 21% of all lodgepole pine, with highest occurrence in the SBS and 7 

SBPS zones (Table 3). The logistic model accounted for 13% of the variation in western gall rust 8 

presence (Table 4). Increasing risk of western gall rust was associated with increasing latitude 9 

and longitude, decreasing soil moisture (ASMR), lower slope position, and decreasing northness 10 

of aspect (Table 5). It was less likely to occur on burned than unburned sites, and more likely to 11 

occur where juvenile spacing, brushing, or pruning treatments had been applied. When climatic 12 

factors were considered, the likelihood of western gall rust being present increased with 13 

increasing temperature in the warmest and coldest months (MWMT and MCMT), with 14 

decreasing growing season (DD>5), and with increasing annual heat/moisture index (AH:M).  15 

Stalactiform and Comandra blister rusts were each present on 21-22% of sites, and 16 

affected an average of 1.3-1.5% of pine (Table 3). Their highest occurrence was in the MS, SBS 17 

and SBPS zones, where they affected 2-5% of pine. Logistic models accounted for 33 and 35% of 18 

the variation in talactiform and Comandra blister rust presence, respectively (Table 4).The risk of 19 

stalactiform rust increased with increasing latitude and elevation, increasing stand age, and 20 

increasing pine density, and increasing continentality (TD). Risk also increased where mechanical 21 

site preparation or pruning treatments had been applied. The risk of Comandra rust increased with 22 

increasing latitude, decreasing slope, and increasing northness, eastness, and stand age. Brushing 23 

decreased the risk of Comandra and pruning increased it. Higher risk of Comandra was associated 24 

with increasing length of the winter chilling period (DD<0), to later end to the frost-free period 25 
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(eFFP), and to decreasing summer precipitation (MSP). The likelihood of Comandra presence 1 

increased with decreasing AH:M, but also with increasing summer heat moisture index (SH:M).  2 

Atropellis canker was present on 27% of sites, and affected an average 0.8% of pine 3 

(Table 3). Its highest occurrence was in the ICH and SBS zones, where it affected 2.1-2.2% of  4 

lodgepole pine. The logistic model accounted for 26% of the variation in Atropellis presence 5 

(Table 4). The risk of Atropellis increased with increasing latitude and decreasing northness and 6 

eastness, and was higher where broadcast burning and juvenile spacing had been conducted. Of 7 

climatic factors, only increasing temperature of the coldest month (MCMT) was associated with 8 

increasing risk of Atropellis (Table 5).   9 

 10 

Foliar disease 11 

Pine needle cast and Dothistroma needle blight were present on 33 and 12% of sites, 12 

respectively, and each affected approximately 2% of lodgepole pine (Table 3). Pine needle cast 13 

had its highest occurrence in the SBS zone, where it affected 5.8% of pine. Dothistroma was most 14 

common in the MS and ICH zones, where it affected 3.3% of pine. Logistic models accounted for 15 

25 and 11% of the variation in pine needle blight and Dothistroma presence, respectively (Table 16 

4). The risk of pine needle cast increased with increasing elevation and soil moisture (ASMR), 17 

and with decreasing stand age and pine density (Table 6). Risk also increased as a result of 18 

broadcast burning and juvenile spacing, but decreased as a result of brushing and pruning. When 19 

climatic factors were examined, the risk of pine needle cast increased with decreasing 20 

continentality (TD), with decreasing number of frost-free days (NFFD), and with an earlier start 21 

to the frost-free period (bFFP). Risk increased with increasing AH:M and with decreasing SH:M.  22 

Dothistroma risk was not associated with any location or treatment factors, but increased 23 

with increasing slope, decreasing pine density, and increasing length of the chilling period 24 

(DD<0) (Table 6).  25 

 26 
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Root disease 1 

Armillaria and tomentosus root diseases were each present on 9% of sampled sites, and 2 

affected 0.4 and 0.2% of pine, respectively (Table 3). Armillaria affected the highest proportion 3 

of pine in the MS zone, while tomentosus presence was highest in the SBS zone. Logistic models 4 

accounted for 31 and 23% of the variation in the presence of Armillaria and tomentosus root 5 

diseases, respectively (Table 4). The risk of Armillaria increased with increasing longitude and 6 

increasing soil moisture (ASMR) (Table 6). Armillaria was not associated with any silviculture 7 

treatment factors, but the risk increased with increasing AH:M. The risk of tomentosus root rot 8 

increased with increasing latitude and decreasing eastness of aspect (Table 6). Brushing strongly 9 

decreased the likelihood of tomentosus root rot, and risk increased with length of the growing 10 

season (DD>5).  11 

 12 

Lodgepole pine dwarf mistletoe 13 

Dwarf mistletoe was present on 9% of sites and affected 0.7% of pine across all sites, but 14 

was most common in the MS zone. The logistic model accounted for 46% of the variation in 15 

dwarf mistletoe presence on lodgepole pine (Table 4). The likelihood of mistletoe presence 16 

decreased as both latitude and elevation increased (Table 6). Increases in risk were associated 17 

with increasing soil moisture (ASMR), decreasing slope, decreasing northness, and increasing 18 

eastness. Mechanical site preparation strongly decreased the risk of dwarf mistletoe. Mistletoe 19 

risk increased with decreasing summer temperature (MWMT), increasing total number of frost-20 

free days (NFFD), decreasing annual precipitation (MAP), and increasing AH:M.  21 

 22 

Insects 23 

Mountain pine beetle was present on 28% of sampled sites and affected 1.9% of pine, 24 

with highest occurrence in the SBS and ICH zones (Table 3). The logistic model accounted for 25 

33% of the variation in mountain pine beetle presence (Table 4).The risk of mountain pine beetle 26 
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damage increased strongly with brushing (Table 7). Risk increased in upper or crest slope 1 

positions relative to mid-slope and also increased with increasing longitude and latitude and with 2 

decreasing soil moisture (ASMR) and pine density. The risk of mountain pine beetle damage 3 

increased with increasing winter temperature (MCMT), increasing number of frost-free days 4 

(NFFD), and an earlier end to the frost-free period (eFFP). Risk also increased with shortening 5 

growing season (DD>5).  6 

Sequoia pitch moth was present on 58% of sites and affected 3% of pine, with highest 7 

occurrence in the ICH and SBS zones (Table 3). The logistic model accounted for 16% of the 8 

variation in Sequoia pitch moth presence (Table 4). The likelihood of pitch moth presence 9 

increased with decreasing elevation, increasing soil moisture, decreasing pine density, and the use 10 

of mechanical site preparation (Table 7). Risk increased with continentality (TD) and with 11 

decreasing length of the chilling period (DD<0).  12 

Pine terminal weevil was present on 48% of sampled sites and affected 4% of pine, with 13 

highest occurrence in the SBS and IDF zones (Table 3). The logistic model predicted 12% of the 14 

variation in damage presence from this weevil on lodgepole pine (Table 4). Risk of terminal 15 

weevil damage increased with increasing elevation, decreasing longitude, increasing northness 16 

and eastness of aspect, and decreasing pine density (Table 7). The risk of pine terminal weevil 17 

also increased where broadcast burning and brushing treatments were applied, but decreased in 18 

association with pruning. A broad range of climatic factors was associated with the likeliehood of 19 

damage from the terminal weevil. Risk increased with cooler summer temperatures (MWMT), 20 

warmer winter temperatures (MCMT), increasing length of the growing season (DD>5), and also 21 

with increased length of the chilling period (DD<0). Risk of the terminal weevil also increased 22 

with increasing summer precipitation (MSP) and SH:M, but also with decreasing annual 23 

precipitation (MAP) and AH:M.  24 

Warren’s root collar weevil was present on 13% of sites and affected 0.2% of lodgepole 25 

pine, with the highest occurrence in the ESSF and ICH zones (Table 3). The logistic model 26 
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accounted for only 6% of the variation in the presence of Warren’s root collar weevil damage 1 

(Table 4), and the only factor associated with increasing risk was increasing soil moisture regime 2 

(ASMR) (Table 7). 3 

 4 

Animals 5 

Squirrel, black bear, and ungulate damage was recorded on 21, 25, and 43% of sites, 6 

respectively, and each agent affected less than 1% of lodgepole pine overall (Table 3). The 7 

occurrence of squirrel damage was highest in the ESSF and MS zones. Black bear damage to pine 8 

also had the highest occurrence in the ESSF zone. Damage by ungulates was most common in the 9 

SBS zone. Logistic models accounted for 23, 10, and 20% of the presence of squirrel, black bear, 10 

and ungulate damage, respectively (Table 4). Increasing risk of squirrel damage was associated 11 

with increasing elevation and longitude, with decreasing stand age, and with the use of broadcast 12 

burning (Table 8). The risk of black bear damage increased only with summer precipitation 13 

(MSP). The risk of ungulate damage increased with northness and eastness of aspect, with pine 14 

density, and with pruning. Risk of ungulate damage was reduced where broadcast burning, 15 

mechanical site preparation, and brushing treatments had been applied. Increasing number of 16 

growing degree-days (DD>5), increasing length of frost-free period (FFP) and a decreasing total 17 

number of frost-free days (NFFD) were all associated with increased risk of ungulate damage.  18 

 19 

Snow and ice 20 

Damage by snow and ice was recorded on 36% of sites and affected 3% of pine. It was 21 

most common in the ESSF zone where it affected 16.3% of pine (Table 3). The logistic model 22 

accounted for 32% of the variation in the presence of damage by this agent (Table 4). The risk of 23 

snow and ice damage increased with increasing elevation, soil moisture (ASMR), and slope, and 24 

with decreasing northness, stand age, and pine density (Table 8). Broadcast burning increased the 25 
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likelihood of snow and ice damage occurring. No climatic factors were associated with the risk of 1 

snow and ice damage.  2 

 3 

Discussion 4 

Incidence 5 

Hard pine stem rusts, which are associated with mortality and reductions of growth, form, 6 

and cone and seed production (Geils and Jacobi 1990; Woods et al. 2000; Wolken et al. 2006) are 7 

the most serious health problem currently affecting juvenile pine in southern interior BC. Western 8 

gall rust affected an average 21% of lodgepole pine and was present on every sampled site, and 9 

Comandra and stalactiform blister rusts were also each present at lower levels on approximately 10 

one-quarter of sites. Similar high occurrence of hard pine rusts has been reported in west-central 11 

British Columbia (Woods and Bergerud 2008), and was anticipated in our study based on 12 

anecdotal evidence provided by forestry professionals1.  13 

Other damaging agents that are potentially lethal (BC Ministry of Forests 2000a), and 14 

which are perceived1 to present potentially serious risk to ongoing stand health, include mountain 15 

pine beetle and Armillaria and Tomentosus root rots. Low levels of mountain pine beetle damage 16 

were recorded in nearly one-third of our sampled stands, which is not surprising given the extent 17 

of the current epidemic (Westfall and Ebata 2007). In contrast to stem diseases, root disease 18 

incidence was lower than has been previously reported in juvenile stands (Nevill et al. 1996). 19 

Sequoia pitch moth, pine terminal weevil, and pine needle cast  presence are of particular interest 20 

because, although these agents do not typically cause serious damage (Allen et al. 1996; 21 

Henigman et al. 2001), they were recorded on a relatively high proportion (43-68%) of sites and 22 

have the potential to become more important with climate change (e.g., Coakley et al. 1999). 23 

 24 

                                                 
1 A survey regarding the perceived seriousness of individual damaging agents in southern interior British 

Columbia was conducted prior to developing the field sampling protocol for this study (unpublished). 



 12 

Model success and trends associated with risk factor type 1 

We predicted 6-46% of the variation in symptomatic presence of individual damaging 2 

agents from location, site, stand, silviculture treatment, and climatic factors using logistic 3 

regression analysis. Models predicting incidence of the most widespread damaging agents, 4 

western gall rust, Sequoia pitch moth, and pine terminal weevil, produced relatively low rescaled 5 

R2 values (12-16%), suggesting a wide environmental tolerance, or that other factors that we did 6 

not account for (e.g., historic presence or host resistance) played a significant role. Models 7 

predicting incidence of pine needle cast and ungulate damage were slightly more successful 8 

(rescaled R2 of 20-25%) despite the fact that these agents were also geographically widespread. A 9 

larger sample size would almost certainly have improved model success. The best overall model 10 

predicted 46% of the variation in occurrence of lodgepole pine dwarf mistletoe, which had a 11 

strong presence in the Montane Spruce zone and a relatively weak presence elsewhere (Figure 2). 12 

Despite the moderate overall success of our logistic models for predicting damaging 13 

agent presence, parameter estimates for predictive factors were generally highly significant 14 

(Table 5 - Table 8) and odds-ratios suggest interesting trends in risk associated with different 15 

factor types. The highest and lowest odds- ratios were generally accompanied by wide confidence 16 

limits, but since odds-ratios are estimated on a logarithmic scale, even relatively small 17 

divergences from 1 can represent large increases or decreases in risk. Increases in pathogen and 18 

insect risk associated with moisture- and temperature-related climatic factors, respectively, are of 19 

particular interest because of the potential for changing climatic conditions to affect distribution 20 

and relative importance of individual organisms (e.g., Coakley et al. 1999; Woods et al. 2005).  21 

 22 

Risk factors associated with specific agents 23 

Stem diseases 24 

Although western gall rust was by far the most widespread and serious damaging agent 25 

affecting lodgepole pine in our study, logistic regression analysis accounted for only 13% of the 26 



 13 

variation in its presence. Location factors made the strongest contibution to the model, as 1 

indicated by the stepwise order in which they were accepted (Table 4). Risk of western gall rust 2 

increased northward and eastward (Figure 3), which suggests it was not related to the genetic 3 

resistance of pine, which decreases with increasing distance west from the western limit of jack 4 

pine (Wu and Ying 1998; Yang et al. 1997). Western gall rust presence has elsewhere been only 5 

weakly related to trends in latitude, longitude, and elevation, although there were clearly 6 

identifiable geographic regions where infection rates were highest (Wu et al. 2005). These 7 

included the ICHmw and SBSwk subzones, where we also recorded high western gall rust 8 

incidence. The risk of stalactiform and Comandra rusts and Atropellis canker also increased with 9 

latitude, although high incidence of these agents does not necessarily coincide with the most 10 

severe threat to long-term stocking (Mather et al. [2009]). Site factors contributed inconsistently 11 

to the prediction of stem disease, with no apparent trends for these agents as a group, although the 12 

likelihood of both stalactiform and Comandra rust presence increased with stand age (Table 9). 13 

Comandra risk increased with northness, eastness, and elevation, which is consistent with the 14 

moist, cool summer conditions it requires to successfully infect lodgepole pine (Jacobi et al. 15 

2002).  16 

The application of intensive silviculture treatments (spacing, brushing, pruning) was 17 

consistently associated with increasing risk of hard pine stem rusts and Atropellis. In the case of 18 

Comandra and stalactiform rusts, this may be related to effects on air circulation and on light 19 

availability to alternate Santalaceae and Scrophulariaceae host species (Safranyik et al. 1998). 20 

Increased risk of stalactiform rust on mechanically prepared sites may also be related to the effect 21 

on alternate host species. 22 

Despite the strong effect of increasing latitude on the risk of stem disease, increasing 23 

temperature of the warmest and coldest months were strongly associated with increased risk of 24 

western gall rust, and a later end to the frost-free period was associated with increased risk of 25 

Comandra. Since latitude, longitude, and elevation were used by Wang et al. (2006) to model 26 
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climate variable response across the landscape, the contradictions between latitude and 1 

temperature related variables suggests a potentially important pathogen response to increases in 2 

summer and winter temperatures that are predicted to occur in southern interior BC during the 3 

next 50-75 years (Spittlehouse 2008). Heat/moisture ratio variables also contributed to the models 4 

for Comandra and western gall rust, but their effects on risk are difficult to interpret. In general, 5 

rust fungi require cool, moist conditions in late spring-early summer that coincide with the period 6 

of spore release in order to successfully infect the conifer host (Adams 1997), and ideal climatic 7 

conditions currently occur only every few years (Allen et al. 1996; Jacobi et al. 2002). The 8 

increasing risk of Comandra with decreasing summer precipitation (MSP) and increasing summer 9 

heat/moisture ratio (SH:M) contradicts expectations based on infection requirements, but is of 10 

interest in view of predicted future trends of warmer, drier summer conditions in BC 11 

(Spittlehouse 2008).  12 

 13 

Foliar diseases 14 

Location and site factors played a minor role in the prediction of pine needle cast in 15 

comparison with stand, treatment, and climatic factors. We found that the risk of pine needle cast 16 

decreased with elevation, which differs from Wu et al. (2005) and with provenance studies 17 

showing that pine susceptibility to damage from this agent increased with elevation in Alberta 18 

families (Ying and Hunt 1987; Hunt et al. 1987). Serious damage from pine needle cast occurs 19 

mainly among low vigour individuals during epidemics (Williams 1976; Hunt 1995), and 20 

silviculture treatments that improve lodgepole pine vigour are generally assumed to reduce risk. 21 

In our study, however, serious defoliation was recorded rarely, and silviculture treatment effects 22 

are inconsistent. Contrary to general assumptions regarding the effects of density on lodgepole 23 

pine vigour, we found that the risk of both pine needle cast and Dothistroma decreased with 24 

increasing pine density, and did so within narrowly defined confidence limits.  25 
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Foliar diseases are widespread, but epidemic conditions associated with severe damage 1 

are currently sporadic and relatively short-lived (Hunt 1995). The frequency of extreme climatic 2 

events is predicted to increase (Spittlehouse 2008), however, and organisms respond to localized 3 

events rather than wide geographic averages (Walther et al. 2002). Recent epidemics of both 4 

Dothistroma (Woods et al. 2005) and pine needle cast (Unger and Stewart 1995) have been 5 

associated with prolonged local increases in spring or summer precipitation. Our finding of 6 

increased needle cast risk with decreasing summer heat:moisture ratio (SH:M) is consistent with 7 

this. Our results also show increased risk was associated with reduced continentality, fewer frost-8 

free days, and an earlier start to the frost-free period, which suggests that the risk of needle cast 9 

will increase in response to warming conditions. Since pine needle cast effects are strongest on 10 

low vigour trees (Hunt 1995), it may become increasingly important as a secondary agent where 11 

other diseases or insects have infected pine. Dothistroma was recorded infrequently in our study 12 

and was poorly predicted by the logistic model. 13 

 14 

Root diseases 15 

Lodgepole pine is only moderately susceptible to Armillaria (Morrison et al. 1991) and 16 

Tomentosus (Henigman et al. 2001), and the incidence of these root diseases was relatively low in 17 

our study. Nonetheless, logistic models predicted their presence moderately well (rescaled R2 of 18 

31 and 23%, respectively). Armillaria presence increased from west to east, and also with 19 

increasing absolute soil moisture regime. Some sources agree that Armillaria occurs with lower 20 

frequency on dry than mesic sites (Cruikshank et al. 1997; Henigman et al. 2001), although others 21 

report no correlation between soil moisture regime and Armillaria infection (Merler et al. 1993; 22 

Wiensczyk et al. 1997). The increasing risk of Armillaria we found to be associated with 23 

increasing annual heat:moisture ratio (AH:M) suggests that warmer, drier annual conditions 24 

favour Armillaria. Summer, but not winter, conditions are expected to become increasingly dry in 25 

southern and central British Columbia (Spittlehouse 2008). Silviculture treatment factors did not 26 
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contribute to the Armillaria model, contrasting with previous reports of increased incidence of 1 

Armillaria associated with manual brushing (Simard et al. 2005). 2 

The risk of Tomentosus root rot increased strongly with latitude, which is consistent with 3 

reports that this disease occurs most frequently in spruce-pine forests of central and northern BC 4 

(Allen et al. 1996). We recorded Tomentosus presence only in the ICH, SBS, and SBPS zones. 5 

Tomentosus risk increased with length of the growing season (DD>5), suggesting that warming 6 

climatic conditions in central BC may increase the importance of this disease to lodgepole pine.  7 

 8 

Dwarf lodgepole pine mistletoe 9 

Dwarf lodgepole pine mistletoe was the most successfully predicted damaging agent in 10 

our study, although it occurred on only six sites and affected fewer than 1% of pine. Increasing 11 

elevation and latitude were both associated with decreasing risk, probably because mistletoe is 12 

strongly limited by low winter temperatures (Hawksworth and Wiens 1996; Brandt et al. 2004). A 13 

wide range of site factors also contributed to the model. Increasing risk was associated with 14 

decreasing northness, increasing eastness, and decreasing slope, all of which are supported to 15 

some extent by other studies (Hawksworth 1959; Hawksworth and Wiens 1996).  16 

Dwarf lodgepole pine mistletoe does not occur in British Columbia where winter 17 

minimums below -40oC are common (Brandt et al. 2004). In consequence, predicted increases in 18 

minimum winter temperature (Spittlehouse 2008) are likely to be associated with a migration of 19 

this parasitic plant to the north. Pollen germination rates are also limited by spring frosts (Gilbert 20 

and Punter 1991), which is consistent with our finding of increased risk associated with 21 

increasing number of frost-free days. However, we also found risk increased as summer 22 

temperature (MWMT), annual heat:moisture ratio (AH:M), and mean annual precipitation (MAP) 23 

decreased, which suggests that fluctuations in local climate may cause unpredictable responses. 24 

 25 

Insects 26 
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Symptomatic insect presence on lodgepole pine tended to be less well explained by 1 

logistic models than disease or mistletoe presence. The exception was mountain pine beetle, 2 

where our logistic model explained 33% of the variation in its occurrence in juvenile stands. 3 

Mountain pine beetle attack is typically restricted to mature pine, but increased mortality in 4 

young stands has been reported in the wake of the current epidemic (Westfall and Ebata 2007). In 5 

our study, risk increased with latitude and longitude, reflecting the ongoing severity of mountain 6 

pine beetle attack in the Cariboo as well as the eastward movement of the infestation. We also 7 

found that pine growing under drier soil moisture conditions and in upper slope or crest positions 8 

were at higher risk. Risk of beetle attack also increased with decreasing pine density, but this is 9 

likely related to the inverse relationship of density and diameter since only the largest diameter 10 

pine in our sampling range were likely to be attacked. Brushing strongly increased the risk of 11 

mountain pine beetle attack in the juvenile stands we sampled, again possibly due to treatment 12 

effects on pine size (e.g., Simard et al. 2001, L. Maclauchlan, pers. comm., April 2009). Four 13 

temperature-related climatic factors contributed to the model predicting mountain pine beetle 14 

presence, and three of them (mean coldest month temperature (MCMT), number of frost-free 15 

days (NFFD), and a later end to the frost-free period (eFFP)) indicate increased risk associated 16 

with warmer winter conditions. The contribution of increasing winter temperatures to the recent 17 

beetle epidemic in British Columbia is well documented (Taylor et al. 2004; Williams and 18 

Liebhold 2002). 19 

Sequoia pitch moth was the second most commonly recorded damaging agent in our 20 

study, but it was not particularly well predicted by logistic regression (rescaled R2 of 16%). This 21 

insect does not cause serious damage to lodgepole pine unless the pitch masses are large enough 22 

to cause structural weakening of the stem (Duncan 2001). Latitude and longitude did not 23 

contribute to the model for Sequoia pitch moth, but risk decreased with increasing elevation. 24 

Norlander (2008) observed a similar trend, and suggested that it was probably temperature 25 

related. The current northern limit of the Sequoia pitch moth is in central BC (Duncan 2001), 26 
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which also suggests it is limited by low winter temperature. We found that risk of damage from 1 

Sequoia pitch moth decreased as length of the chilling period (DD<0) increased, supporting the 2 

assumption that low winter temperatures are affecting the 2 year life cycle. The risk of Sequoia 3 

pitch moth decreased with increasing pine density in our study, which is consistent with the 4 

understanding that open-grown trees are more susceptible to attack (Duncan 1996). Sequoia pitch 5 

moth attacks at open wounds (Adams 1996), and may preferentially attack at wounds created by 6 

stem rusts (Rocchini et al. 1999), although this has also been contradicted elsewhere (Dix et al. 7 

1996; Norlander 2008). In our study, sequoia pitch moth and a hard pine stem rust occurred 8 

simultaneously on approximately 2% of sampled pine. Wu and Ying (1997) found a higher 9 

correlation between pine resistance to sequoia pitch moth and stalactiform blister rust than 10 

between resistance to the pitch moth and western gall rust. 11 

Pine terminal weevil was also widespread in our study area, but again, its presence was 12 

not well accounted for by the logistic model (rescaled R2 of 12%). A wide variety of location, 13 

site, and climatic factors contributed to the model, but no consistent trends with regard to 14 

increasing risk were evident. We recorded the presence of this weevil north of 50o latitude, 15 

beyond the range suggested by Henigman et al. (2001) a decade ago. Although this insect is not 16 

presently a serious problem, repeated attacks can result in height loss, forking, and deformity 17 

(Maclauchlan 1992; Henigman et al. 2001). There is evidence that the life cycle of the pine 18 

terminal weevil can be completed in a single year under warm, lower elevation conditions 19 

(Cameron and Stark 1989), suggesting the potential for this insect to become more important as 20 

conditions get warmer. 21 

 22 

Animal and abiotic damage 23 

Animal damage, although geographically widespread, affected less than 1% of lodgepole 24 

pine. Silviculture treatment factors contributed strongly to the model for ungulate damage, 25 

possibly because of the effect on stand openness and understory vegetation. Several climatic 26 
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factors were also included in the model, but there were no consistent explanatory trends. Climate 1 

change has the potential to affect wildlife population dynamics (Garroway and Broders 2005) and 2 

the frequency of damage to lodgepole pine. 3 

The logistic model predicting snow and ice damage to lodgepole pine was reasonably 4 

successful (rescaled R2 of 32%) of the variation in damage presence. As expected, risk increased 5 

with elevation, but no climatic factors contributed to the model. Broadcast burning strongly 6 

increased the likelihood that snow and ice damage would occur, but this could be related to the 7 

greater tendency to prescribe burning at higher elevations. 8 

 9 
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Table 1. Study site characteristics by biogeoclimatic zone 

  Site characteristics Conifer stocking 

BEC 

zone 

# of 

sites 

 

Latitude       

Min        Max            

 

Longitude                 

Min        Max 

Elevation 

(m)  

Slope 

(%) 

Average 

ASMR 

Total 

conifers 

(stems/ha) 

Lodgepole 

pine 

(stems/ha) 

Damaged 

lodgepole 

pine (%) 

ESSF 10 49.03 52.72 -115.50 -121.58 1220-1690 1-65 4.5 2807  226 1500  168 54.8 

ICH 16 49.20 52.52 -116.33 -121.70 
620-1275 0-74 4.1 3359  372 1611  131 66.2 

IDF 6 49.50 51.22 -119.32 -122.28 1000-1375 0-60 2.4 2462  233 2120  237 36.1 

MS 21 49.00 51.25 -115.52 -120.73 1105-1630 0-56 2.9 3107  179 2350  149 42.2 

SBS 8 52.37 52.88 -121.43 -123.23 910-1405 1-44 4.4 4043  343 2759  328 68.6 

SBPS 5 51.97 52.90 -121.37 -123.38 965-1260 1-30 3.7 4320  600 3769  541 58.8 
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Table 2. Mean climate characteristics1 of study sites by biogeoclimatic zone  

BEC zone 
MWMT 

(oC) 

MCMT 

(oC) 

TD 

(oC) 

MAP 

(mm)  

MSP 

(mm)  
AH:M SH:M 

DD<0 

 (deg days) 

DD>5 

(deg days) 

NFFD 

(days) 

FFP 

(days) 

bFFP  

(julian) 

eFFP 

(julian) 

ESSF 13.0 - 8.3 21.3 941 354 13.8 38.3 986 872 143 67 170 237 

ICH 14.9 - 7.8 22.7 798 326 18.2 47.7 834 1183 162 89 155 243 

IDF 14.1 - 6.7 20.8 761 276 22.0 55.0 784 1064 153 77 164 241 

MS 13.9 - 7.1 21.0 722 264 19.5 54.4 836 1014 156 79 164 243 

SBS 14.0 - 8.2 22.2 552 289 24.3 49.0 899 1082 151 78 159 237 

SBPS 13.1 - 9.2 22.4 588 304 21.2 43.3 1018 941 138 62 168 230 
1 From Climate BC (Wang et al. 2006) for the period of 1971-2000; MAT = mean annual temperature; MWMT = mean warmest month temperature; MCMT = mean coldest 

month temperature; TD = continentality; MSP = mean annual summer (May to September) precipitation; AH:M  = annual heat:moisture index (MAT+10)/(MAP/1000)); 

SH:M = summer heat:moisture index ((MWMT)/(MSP/1000)); DD<0 = degree-days below 0°C (chilling degree-days); DD>5 = degree-days above 5°C (growing degree-

days); NFFD =  the number of frost-free days; FFP = frost-free period; bFFP = the Julian date on which FFP begins; eFFP = the Julian date on which FFP ends 
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Table 3. Proportion of pine affected by individual damaging agents and the proportion of sites where each agent was recorded, by zone 

Agent Scientific name Overall ESSF ICH IDF MS SBPS SBS 

  Pine Sites Pine Sites Pine Sites Pine Sites Pine Sites Pine Sites Pine Sites 

  -----------------------------------------------------(%)---------------------------------------------- 

Western gall rust Endocronartium harknessii (J.P. Moore) Y. Hirat. 20.8 100 12.8 100 27.1 100 7.0 100 14.5 100 33.1 100 32.6 100 

Stalactiform blister rust Cronartium coleosporioides Arthur 1.3 22 0.0 0 0.3 6 0.0 0 0.4 14 2.3 100 5.4 75 

Comandra blister rust Cronartium comandrae Peck 1.5 21 0.2 10 0.8 12 0.0 0 2.0 14 2.3 100 2.3 38 

Atropellis canker Atropellis piniphila (Weir) Lohman & Cash 0.8 27 0.2 10 2.1 59 0.2 17 0.1 14 0.4 20 2.2 25 

Pine needle cast Lophodermella concolor (Dearn.) Darker 2.0 45 2.3 50 3.6 35 3.1 50 4.3 29 3.0 80 5.8 75 

Dothistroma needle blight Mycosphaerella pini Rost. in Munk 1.8 12 0.0 0 3.3 18 1.2 17 3.3 19 0.0 0 0.0 0 

Armillaria root rot Armillaria ostoyae (Romagnesi) Herink 0.4 9 0.4 10 0.4 12 0.0 0 0.7 10 0.0 0 0.3 13 

Tomentosus root rot Inonotus tomentosus (Fr.:Fr.) S. Teng 0.2 9 0.0 0 0.3 12 0.0 0 0.0 0 0.1 20 0.6 38 

Pine dwarf mistletoe Arceuthobium americanum Nutt. Ex Engel. 0.7 9 0.0 0 0.0 0 0.0 0 1.9 19 0.1 20 0.1 13 

Sequoia pitch moth Synanthedon sequoiae (Yy. Edwards) 3.0 58 0.9 50 8.0 82 0.5 17 1.0 38 2.1 60 5.9 100 

Mountain pine beetle Dendroctonus ponderosae (Hopkins) 1.9 28 0.4 10 2.9 35 0.0 0 1.7 19 1.8 20 3.4 88 

Warren’s root collar weevil Hylobius warreni (Wood) 0.2 13 0.4 10 0.3 12 0.2 17 0.1 10 0.2 40 0.1 13 

Pine terminal weevil Pissodes terminalis (Hopping) 4.0 48 1.5 30 2.1 24 6.5 33 3.3 52 5.5 100 6.8 88 

Red squirrel Tamiasciurus hudsonicus (Erxleben) 0.6 21 1.3 20 0.6 18 0.4 33 1.0 29 0.0 0 0.1 13 

Black bear Ursus americanus (Pallas.) 0.7 25 1.5 50 1.9 29 0.0 0 0.6 29 0.0 0 0.1 13 

Ungulate Odocoileus spp. ; Alces alces (Clinton) 2.7 43 1.3 50 2.8 18 1.4 17 2.9 48 1.9 80 4.9 75 

Snow and ice damage — 3.0 36 16.3 90 5.3 35 0.2 17 0.9 38 0.0 0 0.0 0 
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Table 4. Logistic regression models predicting the risk of damaging agents and maximum rescaled R2 values, with factors presented in the order they were 

selected by the stepwise procedure 

Agent Model Rescaled 

R2 (%) 

Western gall rust Y = -47.213 + 1.734 (latitude) + 0.445 (longitude) - 0.205 (northness) - 0.587 (broadcast burn) - 0.038 (AHM) - 0.278 (ASMR) + 

0.509 (pruning) + 2.402 (MWMT) + 0.493 (slope position) - 0.016 (DD>5) + 0.608 (MCMT) + 0.337 (spacing) + 0.314 (brushing) 

13.2 

Stalactiform blister rust Y = -258.44 + 3.399 (latitude) + 2.891 (mechanical prep) + 2.937 (TD) + 5.824 (pruning) + 0.016 (pine density) + 0.006 (elevation) 

+ 0.090 (stand age) 

32.7 

Comandra blister rust Y = -258.41 + 2.392 (pruning) + 0.027 (DD<0) - 0.097 (slope) + 0.862 (northness) + 0.163 (stand age) + 2.953 (latitude) - 0.035 

(MSP) + 0.374 (eFFP) + 0.620 (eastness) - 0.503 (AHM) - 2.013 (brushing) + 0.128 (SHM) 

34.8 

Atropellis canker Y = -76.881 + 3.538 (spacing) + 1.478 (latitude) + 2.081 (broadcast burn) - 0.966 (eastness) + 0.748 (MCMT) - 0.854 (northness)  25.6 

Pine needle cast Y = 89.879 + 4.459 (spacing) - 0.041 (pine density) - 2.091 (brushing) - 0.247 (bFFP) - 0.181 (SHM) - 1.962 (pruning) - 1.303 (TD) 

+ 0.157 (AHM) + 0.596 (broadcast burn) + 0.216 (ASMR) - 0.080 (NFFD) - 0.001 (elevation) 

25.4 

Dothistroma  Y = -0.169 + 0.025 (slope) - 0.075 (pine density) - 0.004 (DD<0)  10.6 

Armillaria root rot Y = 81.994 + 0.797 (longitude) + 1.115 (ASMR) + 0.133 (AHM)  30.6 

Tomentosus root rot Y = -190.284 + 3.329 (latitude) + 0.010 (DD>5) - 1.640 (eastness) - 3.394 (brushing)  23.3 

Lodgepole pine dwarf 

mistletoe 

Y = 384.983 - 2.718 (northness) + 2.229 (eastness) - 4.169 (latitude) - 0.144 (slope) - 0.131 (MAP) - 3.752 (AHM) -3.947 

(mechanical prep) + 0.432 (NFFD) - 0.021 (elevation) - 4.090 (MWMT) + 0.636 (ASMR) 

45.8 

Sequoia pitch moth Y = -14.617 - 0.002 (elevation) + 0.684 (TD) + 0.499 (ASMR) - 0.005 (DD<0) - 0.018 (pine density) + 0.512 (mechanical prep) 16.4 

Mountain pine beetle Y = 443.524 + 2.392 (brushing) + 1.086 (slope position) - 1.622 (eFFP) + 0.792 (NFFD) + 2.642 (longitude) - 0.018 (DD>5) + 3.518 

(latitude) + 3.048 (MCMT) - 0.020 (pine density) - 0.563 (ASMR) 

32.7 

Warren’s root collar 

weevil 

Y = -9.568 + 0.849 (ASMR) 5.7 

Pine terminal weevil Y = -66.124 + 0.632 (eastness) - 0.011 (MAP) - 0.472 (AHM) + 0.224 (SHM) - 0.470 (longitude) - 0.019 (pine density) + 1.081 

(brushing) + 0.026 (DD<0) - 1.440 (pruning) + 0.352 (northness) + 0.023 (MSP) + 1.860 (MCMT) + 0.025 (DD>5) - 2.325 

(MWMT) + 0.777 (broadcast burn) + 0.003 (elevation) 

12.1 

Red squirrel Y = 48.647 + 1.811 (broadcast burn) + 0.4610 (longitude) + 0.002 (elevation) - 0.123 (stand age)  22.7 

Black bear Y = -9.285 + 0.014 (MSP) 10.0 

Ungulate Y = 11.217 + 0.777 (pruning) + 0.004 (DD>5) + 0.016 (pine density) - 0.217 (NFFD) - 2.877 (broadcast burn) - 1.258 (mechanical 

prep) + 0.188 (FFP) + 0.374 (eastness) + 0.384 (northness) - 0.685 (brushing) 

19.9 

Snow and ice damage Y = -9.112 + 0.838 (broadcast burn) + 0.004 (elevation) + 0.707 (ASMR) - 0.133 (stand age) + 0.021 (slope) - 0.064 (pine density) - 

0.379 (northness) 

31.9 
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Table 5. Odds ratio confidence limits and partial R2 values for factors predicting the risk of stem diseases 

 
   Western gall rust Stalactiform blister rust Comandra blister rust Atropellis canker 

Factor type Factor Units LCL UCL Pr > χ2 LCL UCL Pr > χ2 LCL UCL Pr > χ2 LCL UCL Pr > χ2 

Location Elevation 1 m    1.004 1.009 <.0001       

 Latitude 1 degree 4.215 7.610 <.0001 15.41 58.12 <.0001 5.533 66.32 <.0001 2.621 7.337 <.0001 

 Longitude 1 degree 1.366 1.781 <.0001          

Site ASMR 1 unit 0.684 0.838 <.0001          

 Slope 1 %       0.869 0.948 <.0001    

 Slope positiona LW vs MD 1.147 2.335 0.007          

 Northness 1 unit 0.735 0.902 0.0001    1.527 3.671 0.0001 0.215 0.843 0.014 

 Eastness 1 unit       1.159 2.978 0.010 0.209 0.694 0.002 

Stand Stand age 1 year    1.004 1.193 0.041 1.094 1.265 <.0001    

 Pine density 200 stems/ha    1.007 1.026 0.0004       

Treatment Broadcast burnb Y vs N 0.436 0.709 <.0001       3.58 17.95 <.0001 

 Mechanical prepb Y vs N    8.088 40.15 <.0001       

 Spacingb Y vs N 1.098 1.787 0.007       13.39 88.39 <.0001 

 Brushingb Y vs N 1.120 1.672 0.002    0.037 0.480 0.002    

 Pruningb Y vs N 1.159 2.389 0.006 338.2 4102.7 <.0001 1.053 113.7 0.045    

Climatic MWMT 1oC 5.270 29.164 <.0001          

 MCMT 1oC 1.510 2.235 <.0001       1.214 3.679 0.008 

 TD  1oC    9.643 36.86 <.0001       

 MSP 1 mm       0.947 0.984 0.0003    

 AH:M 1 unit 0.943 0.984 0.0005    0.469 0.780 0.0001    

 SH:M 1 unit       1.001 1.290 0.049    

 DD<0 1 degree-day       1.017 1.038 <.0001    

 DD>5 1 degree-day 0.979 0.989 <.0001          

 eFFP 1 julian day       1.184 1.784 0.0003    
a For slope position, midslope (MD) is the reference class that other slope positions are compared with. 
b For silviculture treatments, no treatment (N) is the reference class that the treated class (Y) is compared with. 
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Table 6. Odds ratio confidence limits and partial R2 values for factors predicting the risk of foliar diseases, root diseases, and dwarf mistletoe 

   Pine needle cast Dothistroma  Armillaria root rot Tomentosus root rot Dwarf mistletoe 

Factor type Factor Units LCL UCL Pr > χ2 LCL UCL Pr > χ2 LCL UCL Pr > χ2 LCL UCL Pr > χ2 LCL UCL Pr > χ2 

Location Elevation 1 m 0.997 1.000 0.040          0.970 0.989 <.0001 

 Latitude 1 degree          3.118 249.7 0.003 0.004 0.058 <.0001 

 Longitude 1 degree       1.779 2.767 <.0001       

Site ASMR 1 unit 1.020 1.510 0.031    1.672 5.563 0.0003    1.067 3.342 0.029 

 Slope 1 %    1.013 1.037 <.0001       0.823 0.911 <.0001 

 Northness 1 unit             0.020 0.221 <.0001 

 Eastness 1 unit          0.076 0.494 0.0006 4.230 20.39 <.0001 

Stand Stand age 1 year 0.667 0.759 <.0001             

 Pine density 200 stems/ha 0.947 0.973 <.0001 0.904 0.953 <.0001          

Treatment Broadcast burn a Y vs N 1.156 2.851 0.010             

 Mechanical prepa Y vs N             0.004 0.084 <.0001 

 Spacing a Y vs N 47.843 156.0 <.0001             

 Brushing a Y vs N 0.052 0.295 <.0001       0.003 0.367 0.005    

 Pruning a Y vs N 0.031 0.642 0.011             

Climatic MWMT 1oC             0.002 0.150 0.0003 

 TD  1oC 0.197 0.374 <.0001             

 MAP 1 mm             0.829 0.929 <.0001 

 AH:M 1 unit 1.075 1.274 0.0003    1.051 1.241 0.0017    0.004 0.125 <.0001 

 SH:M 1 unit 0.793 0.877 <.0001             

 DD<0 1 degree-day    0.995 0.998 <.0001          

 DD>5 1 degree-day          1.004 1.016 0.002    

 NFFD 1 day 0.868 0.983 0.012          1.320 1.798 <.0001 

 bFFP 1 julian day 0.708 0.862 <.0001             
a For silviculture treatments, no treatment (N) is the reference class that the treated class (Y) is compared with. 
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Table 7. Odds ratio confidence limits and partial R2 values for factors predicting the risk of insect damage  

   Mountain pine beetle Sequoia pitch moth Warren’s root collar 

weevil 

Lodgepole pine terminal 

weevil 

Factor type Factor Units LCL UCL Pr > χ2 LCL UCL Pr > χ2 LCL UCL Pr > χ2 LCL UCL Pr > χ2 

Location Elevation 1 m    0.997 1.000 0.018    1.001 1.005 0.009 

 Latitude 1 degree 12.63 89.97 <.0001          

 Longitude 1 degree 7.504 26.27 <.0001       0.505 0.773 <.0001 

Site ASMR 1 unit 0.434 0.748 0.0001 1.347 2.015 <.0001 1.365 4.006 0.002    

 Slope positiona  UP/CR vs MD 1.703 5.159 0.0001          

 Northness 1 unit          1.155 1.750 0.0009 

 Eastness 1 unit          1.504 2.356 <.0001 

Stand Pine density 200 stems/ha 0.970 0.991 0.0005 0.972 0.992 0.0006    0.973 0.990 <.0001 

Treatment Broadcast burnb Y vs N          1.277 3.701 0.004 

 Mechanical prepb Y vs N    1.166 2.386 0.005       

 Brushingb Y vs N 6.153 19.43 <.0001       2.740 4.993 0.0001 

 Pruningb Y vs N          0.104 0.541 0.0006 

Climatic MWMT 1oC          0.019 0.502 0.005 

 MCMT 1oC 8.282 53.63 <.0001       2.568 16.08 0.0001 

 TD  1oC    1.584 2.481 <.0001       

 MAP 1 mm          0.986 0.993 <.0001 

 MSP 1 mm          1.008 1.039 0.003 

 AH:M 1 unit          0.552 0.705 <.0001 

 SH:M 1 unit          1.165 1.343 <.0001 

 DD<0 1 degree-day    0.993 0.997 <.0001    1.017 1.036 <.0001 

 DD>5 1 degree-day 0.977 0.988 <.0001       1.013 1.037 <.0001 

 NFFD 1 day 1.839 2.649 <.0001          

 eFFP 1 julian day 0.142 0.274 <.0001          
a For slope position, midslope (MD) is the reference class that other slope positions are compared with. 
b For silviculture treatments, no treatment (N) is the reference class that the treated class (Y) is compared with. 
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Table 8. Odds ratio confidence limits and partial R2 values for factors predicting the risk of animal damage and snow and ice damage 

   Squirrel Ungulate Bear Snow and ice 

Factor type Factor Units LCL UCL Pr > χ2 LCL UCL Pr > χ2 LCL UCL Pr > χ2 LCL UCL Pr > χ2 

Location Elevation 1 m 1.000 1.004 0.011       1.003 1.005 <.0001 

 Longitude 1 degree 1.347 1.863 <.0001          

Site ASMR 1 unit          1.702 2.418 <.0001 

 Slope 1 %          1.011 1.032 0.0001 

 Northness 1 unit    1.121 1.924 0.005    0.517 0.906 0.008 

 Eastness 1 unit    1.099 1.921 0.009       

Stand Stand age 1 year 0.784 0.997 0.045       0.832 0.921 <.0001 

 Pine density 200 stems/ha    1.008 1.023 <.0001    0.911 0.967 <.0001 

Treatment Broadcast burna Y vs N 2.971 12.60 <.0001 0.014 0.232 0.0001    1.578 3.388 <.0001 

 Mechanical prepa Y vs N    0.194 0.417 <.0001       

 Brushinga Y vs N    0.285 0.890 0.018       

 Pruninga Y vs N    1.190 3.971 0.012       

Climatic MSP 1 mm       1.010 1.017 <.0001    

 DD>5 1 degree-day    1.001 1.007 0.014       

 NFFD 1 day    0.738 0.878 <.0001       

 FFP 1 day    1.101 1.322 0.0001       
a For silviculture treatments, no treatment (N) is the reference class that the treated class (Y) is compared with. 
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Table 9. Location, site, stand, and treatment risk factors and their association with increasing risk of individual 

damaging agent presence  

Risk factor 

type 

Risk factor Change associated 

with increasing risk 

Stem disease Foliar disease, root 

disease, mistletoe 

Insect Animal 

or abiotic 

Location Latitude South to north Western gall rust 

Stalactiform rust 

Comandra rust 

Atropellis canker 

Tomentosus root rot 

 

Mountain pine beetle  

  North to south  Dwarf mistletoe   

 Longitude West to east Western gall rust Armillaria root rot Mountain pine beetle Squirrel 

  East to west   Pine terminal weevil  

 Elevation Low to high Stalactiform rust  Pine terminal weevil 

 

Squirrel 

Snow and ice 

  High to low  Pine needle cast 

Dwarf mistletoe 

Sequoia pitch moth  

Site ASMR Dry to moist  Pine needle cast 

Armillaria root rot 

Dwarf mistletoe 

Sequoia pitch moth 

Warren’s RC weevil 

Snow and ice 

  Moist to dry Western gall rust  Mountain pine beetle  

 Slope Gentle to steep  Dothistroma 

 

 Snow and ice 

  Steep to gentle Comandra rust Dwarf mistletoe   

 Slope position Mid to lower Western gall rust    

  Mid to upper   Mountain pine beetle  

 Northness of 

aspect 

South to north Comandra rust   Pine terminal weevil Ungulates 

 

  North to south Western gall rust 

Atropellis canker 

Dwarf mistletoe  Snow and ice 

 Eastness of aspect West to east Comandra rust 

 

Dwarf mistletoe Pine terminal weevil Ungulate 

  East to westy Atropellis canker Tomentosus root rot) 

 

  

Stand Stand age Increasing age Stalactiform rust 

Comandra rust 

   

  Decreasing age  Pine needle cast 

 

 Squirrel 

Snow and ice 

 Pine density Low to high Stalactiform rust   Ungulates 

  High to low   Pine needle cast 

Dothistroma 

Mountain pine beetle 

Sequoia pitch moth 

Pine terminal weevil 

Snow and ice 

Treatment Broadcast burn With burning Atropellis canker 

 

Pine needle cast 

 

Pine terminal weevil Squirrel 

Snow and ice 

  Without burning Western gall rust   Ungulates 

 Mechanical prep With prep Stalactiform rust  Sequoia pitch moth  

  Without prep  Dwarf mistletoe  Ungulates 

 Spacing With spacing Western gall rust 

Atropellis canker 

Pine needle cast 

 

  

  Without spacing     

 Brushing With brushing Western gall rust 

 

 Mountain pine beetle 

Pine terminal weevil 

 

  Without brushing Comandra rust Pine needle cast 

Tomentosus root rot 

 Ungulates 

 Pruning With pruning Western gall rust 

Stalactiform rust 

Comandra rust 

   

  Without pruning  Pine needle cast Pine terminal weevil Ungulates 
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Table 10. Temperature-, precipitation-, and heat/moisture ratio-related climatic factors and their association with 

increasing risk of individual damaging agent presence 

Risk factor 

type 

Risk factor Change associated with 

increasing risk 

Stem disease Foliar disease, root 

disease, mistletoe 

Insect Animal or 

abiotic 

Temperature 

related 

MWMT Warmest month gets 

warmer 

Western gall rust    

  Warmest month gets 

cooler 

 Dwarf mistletoe Pine terminal weevil  

 MCMT Coldest month gets 

warmer 

Western gall rust 

Atropellis canker 

 Mountain pine beetle 

Pine terminal weevil 

 

  Coldest month gets 

cooler 

    

 TD Increasing continentalitya  Stalactiform rust  Sequoia pitch moth  

  Decreasing continentality  Pine needle cast   

 DD<0 Chilling period lengthens Comandra rust  Pine terminal weevil  

  Chilling period shortens  Dothistroma Sequoia pitch moth  

 DD>5 Growing period 

lengthens 

 Tomentosus root rot Pine terminal weevil Ungulates 

  Growing period shortens Western gall rust  Mountain pine beetle  

 NFFD Total # of frost-free days 

increases 

 Dwarf mistletoe Mountain pine beetle  

  Total # of frost-free days 

decreases 

 Pine needle cast 

 

 Ungulates 

 FFP Continuous frost-free 

period lengthens 

    Ungulates 

  Continuous frost-free 

period shortens 

    

 eFFP Earlier end to frost-free 

period  

Comandra rust    

  Later end to frost-free 

period 

  Mountain pine beetle  

 bFFP Earlier beginning to 

frost-free period  

    

  Later beginning to frost-

free period 

 Pine needle cast   

Precipitation 

related 

MAP Increasing annual 

precipitation 

    

  Decreasing annual 

precipitation 

 Dwarf mistletoe Pine terminal weevil  

 MSP Increasing summer 

precipitation 

  Pine terminal weevil Black bear 

  Decreasing summer 

precipitation 

Comandra rust    

Heat/moisture 

ratios 

AH:M Annual conditions get 

hotter and drier 

 Pine needle cast 

Armillaria root rot 

  

  Annual conditions get 

cooler and moister 

Western gall rust 

Comandra rust 

Dwarf mistletoe Pine terminal weevil  

 SH:M Summer conditions get 

hotter and drier 

Comandra rust 

 

 Pine terminal weevil  

  Summer conditions get 

cooler and moister 

 Pine needle cast 

 

  

 



 37 

Kamloops

Vancouver

Prince George

Revelstoke

Williams Lake

-117 °-122 °-127 °-132 °

-112 °-117 °-122 °-127 °-132 °-137 °

5
9
 °

5
4
 °

4
9
 °

5
9
 °

5
4
 °

4
9
 °

-1
1
2
 °

62 °

  

Figure 1. Location of sampled sites. 
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Figure 2. Incidence of lodgepole pine dwarf mistletoe in sampled stands, by latitude, longitude, 

and elevation. The size of the ball indicates the relative proportion of pine affected on individual 

sites. 
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Figure 3. Incidence of western gall rust in sampled stands, by latitude, longitude, and elevation. 

The size of the ball indicates the relative proportion of pine affected on individual sites. 

 


