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ABSTRACT. An established model for risk rating of Pinus contorta stands for potential mortality caused by mountain pine beetle
(Dendroctonus ponderosae) combines information on stand susceptibility and beetle pressure. Susceptibility is determined using
attributes in the forest inventory data, while beetle pressure is calculated based on the size and distance to existing infestation locations
(distance-based model). An alternate model for calculating beetle pressure is presented in this paper, which uses Voronoi polygons to
incorporate size and distance, while emphasizing the density of existing infestation locations (density-based model), in combination
with empirical knowledge of beetle dispersal and forest inventory data. Survey data of existing beetle damage were collected using a
helicopter mounted global positioning system (GPS) at a study site in central British Columbia, Canada in 1999, 2000, and 2001.
These data facilitated the estimation of beetle pressure, and the comparison of risk ratings to actual attack locations. Using the
distance-based model, 18% and 27% of areas identified as having a risk rating of greater than 50 in 1999 and 2000 were actually found
to be attacked by beetles in surveys conducted in 2000 and 2001. Conversely, 39% and 49% of areas identified as having risk greater
than 50 in 1999 and 2000 with the density-based model were attacked in 2000 and 2001. The results suggest that the density-based
model of beetle pressure produced risk ratings that had a greater correspondence with actual infestation occurrence than risk ratings
generated from the distance-based model. Using data that is typically collected to monitor beetle populations, novel methods of spatial
processing may be applied in a transparent manner, generating results that incorporate knowledge of mountain pine beetle dynamics

under certain population conditions, into calculations of the risk of mountain pine beetle attack.
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1. Introduction

The mountain pine beetle (Dendroctonus ponderosae) is
the most significant agent of mortality in mature lodgepole
pine (Pinus contorta) forests in western North America (Fur-
niss and Carolin, 1977). The total area impacted by mountain
pine beetle in the province of British Columbia, Canada, has
increased from approximately 164,000 ha in 1999 to 8.5 mill-
ion hectares in 2005 (Westfall, 2006). The two main factors
that have contributed to the successful expansion of the beetle
population in British Columbia include the large amount of
mature lodgepole pine on the land base, which has tripled in
the last century as a result of intensive fire suppression acti-
vities (Taylor and Carroll, 2004) and several successive years
of favourable climatic conditions, resulting in an increase in
climatically suitable areas for brood development (Carroll et
al., 2004).

Adult beetles typically attack a host tree in August and
lay eggs, which complete their development cycle into mature
adults approximately one year later (Amman and Cole, 1983).
A mass-attack by mountain pine beetle leads to tree mortality
through a combination of gallery excavation and the intro-
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duction of fungal pathogens (Safranyik et al., 1974). Once
killed, but still with green foliage, the host tree is in the green
attack stage. The foliage of the host tree changes colour gra-
dually; twelve-months after being attacked, over 90% of the
killed trees will have red needles (red attack) (Amman, 1982;
Henigman et al., 1999). Three years after being attacked, most
trees will have lost all needles (grey attack) (British Columbia
Ministry of Forests, 1995). Safranyik and Carroll (2006) pro-
vide a comprehensive synthesis of our current understanding
of mountain pine beetle biology.

Identifying forest stands with the greatest risk for timber
losses as a result of mountain pine beetle attack is critical in-
formation for mitigation and forest management planning.
Decision support systems that incorporate the movement of
pests and disease allow managers to fight outbreaks of these
phenomena more efficiently (e.g., Hawksworth et al., 1995).
These systems rely on quality data sources that are suitable
for informing decision making. The dispersal and population
density of pests are key elements of evaluating risk; however,
landscape-scale movement of pests and diseases can be diffi-
cult to measure and predict (Liu et al., 2006). The relative im-
portance of source population density and spread distances to
the evaluation of risk associated with mountain pine beetle
attack has not been investigated. Rather, risk models typically
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rely on factors such as stand characteristics and climatic suita-
bility (Bentz et al., 1993). The susceptibility rating system is
used by forest managers to predict the likelihood of attack and
damage by mountain pine beetle. Several such systems, which
use a wide range of different attributes to assess the risk of
mountain pine beetle attack, have been developed in the last
thirty years (Amman et al. 1977; Mahoney 1978; Berryman
1978; Schenk et al. 1980; Waring and Pitman 1980; Stuart
1984; Anhold and Jenkins 1987). Shore et al. (2006) provide
details and review the merits of these various rating systems.

In the Shore and Safranyik (1992) rating system, suscep-
tibility is a product of four factors: stand age, stand density,
percentage of susceptible pine basal area in the stand, and
stand location. The susceptibility ratings do not include infor-
mation on the presence of the existing mountain pine beetle
populations (Shore et al., 2000). Therefore, a stand may have
a high susceptibility to attack, but if there are no mountain
pine beetles in the vicinity, the stand will not typically be at
risk. Conversely, a low susceptibility to mountain pine beetle
does not necessarily indicate a low likelihood of attack under
epidemic population conditions (Shore and Safranyik, 1992;
Bentz et al., 1993); the large size of mountain pine beetle po-
pulations during an epidemic phase and the resulting increase-
ed competition for suitable hosts could result in the beetles
attacking sub-optimal host trees that would otherwise not be
targeted, given different population conditions (Safranyik and
Carroll, 2006). Since susceptibility is based on stand variables,
it is typically a static rating that changes gradually, as the
stand structure changes over time.

A risk rating system combines susceptibility with the lo-
cation and size of nearby mountain pine beetle populations in
order to characterize “the short-term expectancy of tree mor-
tality in a stand as a result of the mountain pine beetle in-
festation” (Shore and Safranyik, 1992); or “the likelihood of
an outbreak population occurring in a stand and concomitant
loss during a specified period of time” (Bentz et al., 1993).
The location and size of nearby beetle populations is referred
to as beetle pressure. From an operational perspective, areas
identified as having a high risk rating can subsequently be
assigned priority for sanitation harvesting or other mitigation
activities. Beetle pressure and risk ratings are dynamic indices
that can change rapidly as a result of climatic factors or beetle
dispersal, and must therefore be recalculated annually as new
information on infestation conditions are collected (Shore and
Safranyik, 1992).

Knowledge of beetle pressure is an important compo-
nent in assessing risks of short-term losses in volume resulting
from mountain pine beetle attack. The objective of this study
is to compare two different approaches for calculating beetle
pressure, and assess the impact these approaches have on the
subsequent calculation of risk ratings. To meet this objective,
beetle pressure was calculated using a traditional distance-
based model, as well as an alternative density-based model,
implemented with a Voronoi tessellation generated from the
helicopter GPS point survey data of known beetle infestation
locations. "Given a finite set of distinct, isolated points in a

59

continuous space, we associate all locations in that space with
the closest member of the point set. The result is a partitioning
of the space into a set of regions." (Okabe et al., 2000). The
Voronoi regions or polygons partition the space in such a way
that each Voronoi polygon consists of an area that is closer to
a given point than any other point. The Voronoi polygons have
been used for point pattern analysis in a wide range of dis-
ciplines (Boots and Getis, 1988). There is an inverse propor-
tional relationship between the size of the Voronoi polygons
and the density of mountain pine beetle attack (as represented
by the helicopter GPS survey data). The representation of the
point density facilitated by the Voronoi polygons is intuitive:
the higher the density of the survey points, the smaller the
Voronoi polygons. Conversely, where survey points are sparse,
Voronoi polygons are larger (Figure 1).

Notes: the space is represented by a greater number and smaller size
of Voronoi polygons where the survey points are dense; conversely, the
space is represented by fewer and larger Voronoi polygons where the
survey points are less dense.

Figure 1. A sample of the Voronoi tessellation generated from
the helicopter GPS survey data of known mountain pine beetle
infestation locations.

Risk ratings were calculated for the study area by using
the susceptibility combined with each form of beetle pressure,
and these ratings were subsequently compared to survey data
of known mountain pine beetle attack locations. Variations in
risk ratings resulting from the methods used to estimate beetle
pressure were then assessed and analyzed.

2. Study Area and Data

2.1. Study Area

The study area focuses on the southern portion of the
Fort St. James Forest District in central British Columbia,
Canada (Figure 2), representing approximately 10,000 square
kilometres. The undulating topography ranges in elevation
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Figure 2. The study area is located in the southern portion of the Ft. St. James Forest District in

central British Columbia, Canada.

from 712 to 1,394 m above the sea level and is dominated by
several large fresh water lakes. This area is predominantly in
the Sub-Boreal Spruce biogeoclimatic zone (Meidinger and
Pojar, 1991). The climate of the region is continental and typi-
cally characterized by cold, snowy winters with short, warm,
moist summers. There is moderate precipitation, 440 to 900
mm each year, with 25 to 50% of the precipitation in the form
of snow.

The productive forest is dominated by lodgepole pine and
white spruce (Picea glauca) with trembling aspen (Populous
tremuloides), black spruce (Picea mariana) and Douglas-fir
(Pseudotsuga menziezii) as the secondary species. A smaller
amount of western red cedar (Thuja plicata) and sub-alpine fir
(Abies lasiocarpa) is also found in this area. Pure and mixed
stands of lodgepole pine cover most of the study region.
Stands of aspen and Douglas-fir are found more frequently
along the western margins of the region, while sub-alpine fir
being found at higher elevations. Wildfires have left a mosaic

of forest ages; lodgepole pine stands vary in age from less
than 20 to more than 250 years.

One of the epicentres of current province-wide outbreak
of mountain pine beetle was located near Ft. St. James (Figure
2). Forest harvesting is the primary land use activity in this
area. In an effort to mitigate damage caused by the mountain
pine beetle, the annual allowable cut in the area was initially
increased by 30% in 2002 (Pedersen, 2002), followed by an
additional 23% increase in 2004 (Pedersen, 2004). The
proportion of pine volume harvested in this area has increased
from 50% in 1998 (pre-epidemic) to 63% in 2005 (Pousette
and Hawkins, 2006).

2.2. Forest Inventory

Polygon based forest-inventory data are often utilized as
information sources for decision support systems (Shore and
Safranyik, 1992). The inventory is the primary source of in-
formation on the distribution and areal extent of the forest
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stands, logging roads, and past natural and human disturban-
ces in the study region. Much of the information collected in
the forest inventory is generated by interpretation of the aerial
photographs, with field visits taken to ensure the quality and
consistency of the interpretation. The inventory includes spe-
cies composition (of up to six species, with estimates of spe-
cies prevalence to the nearest 10%), stand age in years, crown
closure (to the nearest 5%), stand height in metres, diameter at
breast height in centimetres, and stand area in hectares (Gillis
and Leckie, 1993). The information in the forest inventory
represents a given point in time, and the temporal cycle for
the inventory updates can vary (Gillis and Leckie, 1996). As a
result, disturbance events such as harvesting or insect out-
breaks may not be captured in the forest inventory until an
update is completed. In the interim, data on disturbance events
is typically captured, stored, and maintained separately from
the forest inventory. The forest inventory of the study area is
part of the Forest Inventory Planning (FIP) database main-
tained by the British Columbia Ministry of Forests, and repre-
sents forest conditions in 1999. The forest inventory data were
used in the calculation of susceptibility ratings.

2.3. Mountain Pine Beetle Survey Data

A hierarchy of different data sources is used to detect and
map the location and extent of damage caused by mountain
pine beetle infestations (Wulder et al., 2006a). Field surveys
are generally conducted during the green-attack stage, when
there is no visual indication of damage in the foliage, but
there are symptoms of attack in the lower bole and under the
bark (Safranyik and Carroll, 2006). Aerial surveys are gene-
rally conducted to detect red attack damage, which is often
readily discernible through visual inspection (Wulder et al.,
2006b). Surveys conducted using a helicopter mounted global
positioning system (GPS) record the location and magnitude
of beetle damage. The helicopter GPS surveys capture clusters
of trees with red attack damage, and the GPS is used to record
the location of the cluster centroids. For each cluster, the num-
ber of infested trees is estimated and the species of infestation
recorded. The maximum area represented by a point is typi-
cally 3 ha, equivalent to a circle with a radius of 100 m (Nel-
son et al., 2006). While a single point is used to identify a
cluster of trees, the total area, size, shape, and compactness of
clusters will vary and may depend on the surveyor.

The accuracy of the helicopter GPS surveys may be in-
fluenced by operational factors such as weather conditions,
surveyor experience, and speed or flying height of the heli-
copter. Helicopter movement, shadow, view angle, and wea-
ther conditions may result in either overestimates or under-
estimates of attack severity and position (Leckie et al. 2005;
Waulder et al., 2006a). Helicopter GPS surveys are considered
the benchmark for operational accuracy in the detection and
mapping of mountain pine beetle impacts at the local scale,
with a horizontal positional accuracy of approximately 20 m
and a low error of commission (< 5%) (British Columbia Mi-
nistry of Forests, 2004). Research has examined the uncertain-
ty and error associated with the point estimates derived from
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the heli-GPS surveys and has indicated that errors associated
with the heli-GPS points (as determined by direct compari-
son to the ground surveys) were small; when estimating the
numbers of attacked trees, 92.6% of heli-GPS points have
errors of + 10 trees (Nelson et al., 2006). Information from the
helicopter GPS surveys conducted in the study area in 1999
and 2000 were used to generate estimates of beetle pressure,
while survey data collected in 2000 and 2001 were used to
assess the variation in risk ratings (generated from the pre-
vious year's survey data) resulting from the different methods
of estimating beetle pressure.

3. Methods

The Shore and Safranyik (1992) risk index is a function
of both stand susceptibility and beetle pressure. Of the two
components required to rate stand risk components, suscepti-
bility relates to the level of damage that may occur when the
stand experiences a mountain pine beetle infestation, while
beetle pressure refers to the probability that the mountain pine
beetle will enter the stand.

3.1. Susceptibility

Susceptibility to mountain pine beetle attack (S) was cal-
culated as per (Shore and Safranyik, 1992):

S=PxAxDxL (D

where P represents susceptible pine basal area, A4 is the age of
dominant and co-dominant live pine, D is stand density, and L
is a location factor based on latitude, longitude, and elevation.
Index values for 4, D, and L, ranging from 0 to 1, are gene-
rated and multiplied with P to produce a measure of suscepti-
bility that ranges from 0 to 100 (Shore and Safranyik, 1992).

Some modifications were made to susceptibility rating
calculations to enhance the consistency of the index values
amongst stands. Continuous functions, rather than discrete
classes, were used to calculate age, density, and location, in
order to minimize abrupt differences in risk ratings caused by
shifting from one discrete class to another, and to reflect
developments to the model that have occurred since initial
publication (Shore et al., 2006). The susceptibility model was
also adapted to use the variables available in the FIP data
(after Howse, 1995). Specifically, the FIP data does not con-
tain the basal area of different species, or the density (stems
per hectare), which were required by the Shore and Safranyik
model. The FIP adaptation replaced the percent of pine by
basal area with the percent of pine by stand volume, and stand
density was replaced using the quadratic mean stand diameter
(breast height) as a surrogate. In addition to the forest charac-
teristics captured in the FIP database, the latitude and longi-
tude (in decimal degrees), and the elevation (in meters) were
obtained for each stand from a 25 m digital elevation model
(British Columbia Ministry of Sustainable Resource Manage-
ment, 2002).
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3.2. Beetle Pressure Using Distance-based Model

Beetle pressure was calculated for each stand based on
helicopter-GPS survey data collected in the study area in 1999
and 2000. Beetle pressure is a measure of the size and proxi-
mity of the mountain pine beetle population influencing the
stand being rated. Infestations are categorized as small, me-
dium or large based on the size of the beetle population (Table
1). For each size category, distance to the nearest infestation is
then used to compute a beetle pressure value. Thresholds used
for generating beetle pressure are based on qualitative expert
observations made during population and dispersal studies
(Shore and Safranyik, 1992).

The Shore and Safranyik (1992) model for calculating
beetle pressure is based on the number of infested trees inside
the stand, the number of infested trees outside but within 3 km
of the stand, and the distance between the stand being rated
and the closest infestation. For example, a stand that contains
between 1 and 10 infested trees, and has 900 to 9,000 infested
trees within a 3 km radius, has a beetle pressure index of 0.8.
If instead, that stand contained no infested trees, and the clo-
sest infestation was between 1 and 2 km away, the beetle pre-
ssure index was 0.6 (Figure 3). The threshold values used to
calculate beetle pressure are based on the results of popula-
tion and dispersal studies (e.g., Safranyik, 1969; Safranyik et
al., 1989; Shore and Safranyik et al., 1992).

3.3. Beetle Pressure Using Density-based Model

As an alternative to the distance-based model of beetle
pressure, a density-based model was developed using Voronoi
polygons (see Figure 3). Given a set of points in a continuous
space, Voronoi polygons partition the space in such a way that
each Voronoi polygon consists of an area that is closer to a
given point than any other point (Okabe et al., 2000). Survey
data of known locations of beetle infestation were used to
generate the Voronoi polygons using the THIESSEN com-
mand in the Arc/Info™ geographic information system (GIS)

software. As mentioned previously, there is an inverse propor-
tional relationship between attack density and the size of the
Voronoi polygons. These polygons of beetle density were then
intersected with the forest inventory polygons, and when con-
sidered in conjunction with knowledge of beetle dispersal in
epidemic population conditions, provided an indication of
density-based beetle pressure for each forest stand.

Using the density-based model, beetle pressure was esti-
mated based on the number of infested trees inside the stand,
within 3 km of the stand, and the area of the Voronoi polygon
overlapping the stand. The latter is unique to the density-
based model. For example, a stand that contained between 1
and 10 infested trees, with 900 to 9,000 infested trees within 3
km had a beetle pressure index of 0.8; the same as in the
distance-based model (Table 1). If instead the stand contained
no infested trees, and the area of the Voronoi polygon, which
intersected the stand being rated, was between 30 and 60 ha,
the beetle pressure index would be 0.6 (Table 1). The 30 ha
and 60 ha thresholds were developed based on spatial simu-
lations of beetle populations and empirical mark-recapture
studies. Logan et al. (1998) demonstrate that when the source
areas of beetles occur in high density (1 source cluster per 15
to 80 hectares, depending on population size), spatial patterns
of attacked trees replicate the clustering pattern seen in inci-
pient and epidemic infestations (Logan et al., 1998). Several
experimental studies show that after release, 75 to 95% of the
beetles recaptured are within a 30 ha area (300 m radius), and
90 to 95% are recaptured within a 60 ha area (between 400 to
500 m radius), although the percent recaptured depends on the
experimental design (Safranyik et al., 1992; Turchin and
Thoeny, 1993; Byers, 1999).

3.4. Stand Risk

Risk (R) was calculated by combining the susceptibility
(S) and the beetle pressure (B) components, as per Shore and
Safranyik (1992):

Table 1. Mountain Pine Beetle Intensity (A) and Beetle Pressure (B)

(A) Beetle Intensity

Number of infested trees

Number of infested trees inside the stand

outside stand within 3 km <10 10 - 100 > 100

<900 Small Medium Large

900 to 9,000 Medium Medium Large

> 9,000 Large Large Large

(B) Beetle Pressure

Relative intensity Within Distance to nearest infestation (km) Area of overlapping Voronoi polygon (ha)
of infestation stand 0-1 -2 2-3 3-4 >4 0-30 30-60  >60
Small 0.6 0.5 0.4 0.3 0.1 0.06 0.5 0.4 0.06
Medium 0.8 0.7 0.6 0.4 0.2 0.08 0.7 0.6 0.08
Large 1.0 0.9 0.7 0.5 0.2 0.1 0.9 0.7 0.1
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Figure 3. Examples illustrating the calculation of (A) distance- and (B)
density-based models of beetle pressure.

R — 2.74(S1.77 670.01775)(32.78672.788) (2)

Risk was modeled as the short-term probability of loss of
stand basal area. High risk does not indicate that a particular
stand will be attacked; rather, the stand is considered to be at
greater risk than stands with lower risk ratings. Risk ratings
range from 0 to 100.

3.5. Correspondence to MPB Survey Data

In order to assess the variation in beetle pressure and risk
ratings generated from the distance and density approaches,
the ratings for 1999 and 2000 were compared to actual loca-
tions of mountain pine beetle attack in 2000 and 2001 respec-
tively using GIS software. The forest inventory stand bound-
aries, with their estimated beetle pressure/risk ratings were
intersected with the heli-GPS survey locations. If a heli-GPS
survey point was found within a forest inventory stand, the
stand was considered to have been attacked by mountain pine
beetle. Conversely, if no survey points were found within the
stand, the stand was considered to not have been attacked.
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The mountain pine beetle helicopter GPS survey data is de-
scribed in Section 2.3.

4. Results

Of the forest stands in the study area with some level of
susceptibility, the greatest proportion (28%) had a suscepti-
bility rating less than 10 (Table 2). Stands with a low suscepti-
bility rating (e.g. < 20) were dominated by spruce or small
diameter pine. Conversely, stands with a high susceptibility
rating (e.g. > 80) were dominated by large diameter lodgepole
pine. Only a small number of forest stands in the study area
had high beetle pressure ratings (e.g. > 0.7), for either the
distance- or density-based models, in 1999 or 2000 (Tables 3
and 4). The greatest differences between the two models of
estimating beetle pressure are found in the low and moderate
beetle pressure classes. The distance-based model for calcu-
lating beetle pressure resulted in a greater number of stands
with moderate beetle pressure (Table 3), whereas the density-
based model resulted in more stands with low beetle pressure
(Table 4).
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Table 2. Distribution of Forest Stands by Susceptibility Rating

Table 5. Distance-based Model of Beetle Pressure: Number of
Stands in Each Class of Beetle Pressure and Infestation Status

Susceptibility Rating Number of Forest Stands
0 30,681
1-10 9,558
11-20 3,911
21-30 3,083
31-40 2,640
41-50 2,308
51-60 3,193
61-70 2,488
71-80 3,279
81-90 2,167
91-100 1,227

in the Subsequent Year

Beetle pressure from  Stands with Stands with no attack
1999 attack in 2000 in 2000

High (> 0.7) 920 (39.5%) 1,412 (60.5%)
Moderate (0.4 -0.7) 2,317 (7.7%) 27,622 (92.3%)

Low (<0.4) 480 (1.5%) 31,843 (98.5%)

Beetle pressure from
2000

Stands with
attack in 2001

Stands with no attack

High (>0.7)
Moderate (0.4 - 0.7)
Low (<0.4)

909 (31.2%)
4,170 (15.3%)
1,644 (4.8%)

2008 (68.8%)
23,163 (84.7%)
32,701 (95.2%)

Table 3. Distribution of Forest Stands, by Distance-based
Estimates of Beetle Pressure

Beetle pressure 1999 2000
High (> 0.7) 2,332 2,917
Moderate (0.4 - 0.7) 29,939 27,333
Low (<0.4) 32,323 34,344

Table 6. Density-based Model of Beetle Pressure: Number of
Stands in Each Class of Beetle Pressure and Infestation Status

in the Subsequent Year

Beetle pressure from
1999

Stands with
attack in 2000

Stands with no attack in
2000

High (> 0.7)
Moderate (0.4 - 0.7)
Low (<0.4)

823 (55.1%)
905 (24.1%)
1,989 (3.3%)

671 (44.9%)
2,854 (76.9%)
57,352 (96.7%)

Table 4. Distribution of Forest Stands, by Density-based
Estimates of Beetle Pressure

Beetle pressure 1999 2000
High (> 0.7) 1,494 1,730
Moderate (0.4 -0.7) 3,759 4,228
Low (<0.4) 59,341 58,636

Results from the distance-based model showed that ac-
tual mountain pine beetle infestations occurred in stands with
high, moderate, and low beetle pressure values (Table 5).
However, as the beetle pressure increased, the proportion of
forest stands with infestations also increased. For example, in
2000, 39.5% of stands with high beetle pressure in 1999 were
attacked, whereas only 1.5% of stands with low beetle pres-
sure values were attacked. Similarly in 2001, 31.2% of stands
with high beetle pressure values were attacked in 2000, while
only 4.8% of stands with low beetle pressure were attacked.

A comparable trend was found for the density-based mo-
del of beetle pressure (Table 6). In 2000, 55.1% of stands with
high beetle pressure in 1999 were attacked, while only 3.3%
of stands with low beetle pressure were attacked. Similarly in
2001, 47.4% and 7.7% of stands with high and low beetle
pressure values in 2000, respectively, were attacked. The
correspondence between the actual attack and high beetle
pressure was greater when the density-based model was used,
however, a slightly higher rate of attack also occurred in the
stands with the lowest values of beetle pressure.

Beetle pressure from

Stands with

Stands with no attack in

2000 attack in 2001 2001

High (> 0.7) 820 (47.4%) 910 (52.6%)
Moderate (0.4-0.7) 1,393 (32.9%)  2.835 (67.1%)
Low (<0.4) 4510(7.7%) 54,127 (92.3%)

An assessment of how the two methods for estimating
beetle pressure influenced the correspondence between risk
rating and actual attack by mountain pine beetle was then
undertaken. Risk ratings for 1999 and 2000 were categorized
into ten-unit intervals. The proportion of stands within each
risk category that were attacked or not attacked was then ta-
bulated (Table 7). The trends for both models of beetle pre-
ssure, for both years, are very similar: as the risk rating in-
creases, the proportion of stands with that particular risk ra-
ting that were actually attacked, also increases. Furthermore,
the proportion of stands with attack, for all risk ratings, was
greater in 2001 than 2000. This is expected as the beetle po-
pulation grows and the infestation increases in size.

While the trends between the two approaches for esti-
mating risks are similar, the density-based model generated
risk estimates that had a greater correspondence with actual
attack. For example, if the risk ratings are further aggregated
into risk less than 50 and risk greater than 50, 18% and 27%
of areas identified as having a risk rating of greater than 50 in
1999 and 2000 using the distance-based model were actually
found to be attacked by beetles in surveys conducted in 2000
and 2001. Conversely, 39% and 49% of areas identified as
having risk greater than 50 in 1999 and 2000 with the density-
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Figure 4. Risk ratings for 2000 generated using distance- and density-based

models of beetle pressure.

based model were attacked in 2000 and 2001. The differences
between the two approaches to estimating beetle pressure and
the resulting differences in risk ratings are also apparent in
Figures 3 and 4, which illustrates the spatial distribution of
risk for 2000. The density-based model estimated twice as
much area as having risk between 0 and 10 compared to the
distance-based model (477,263 ha versus 232,711 ha), while
the distance-based model estimated 53,810 ha with risk be-
tween 11 and 20, compared to the 9,925 ha with the density
model.

5. Discussion

Beetle pressure is an important component for rating the
risk of mountain pine beetle attack. Two different approaches
for estimating the beetle pressure were tested for comparison.
While both approaches accounted for dispersal distances and
infestation size, the distance-based model emphasized the dis-
tance between the stand being evaluated and the nearest infes-
tation, while the density-based model emphasized the density
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of infestation points around the stand being evaluated. Overall,
the density-based model of beetle pressure, developed using
the Voronoi polygons, generated high risk ratings that more
closely corresponded with actual attack by the mountain pine
beetles.

A number of factors may have confounded results where
stands experiencing high beetle pressure (and which had a
high risk rating) were not attacked in the subsequent year. It is
difficult to predict the outcome of natural processes such as
dispersal and population dynamics of mountain pine beetle.
An additional factor in this study area may have been the
depletion of resources (Safranyik et al., 1974), as the moun-
tain pine beetle epidemic in the Ft. St. James Forest District
started before the 1999 base year for this research (British
Columbia Ministry of Forests, 2002). Forest harvesting, as a
component of an insect mitigation strategy (salvage harvest-
ing), would also act to reduce the number of possible insect
hosts. In the case where a forest inventory is outdated, it is
possible that susceptibility would be overestimated, minimi-
zing sensitivity to beetle pressure, and resulting in an overesti-
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Table 7. Risk Rating: Correspondence between 1999 and 2000 Risk Ratings and Actual Attack by Mountain Pine Beetle in

2000 and 2001

A) Distance-Model
Risk Using 1999 Risk Rating Using 2000 Risk Rating
Rating Stands with attack in 2000 Stands with no attack in 2000  Stands with attack in 2001 Stands with no attack in 2001
1-10 3.88% 96.12% 7.93% 92.07%
11-20 7.81% 92.19% 14.54% 85.46%
21-30 8.21% 91.79% 13.98% 86.02%
31-40 9.61% 90.39% 15.90% 84.10%
41-50 10.85% 89.15% 19.24% 80.76%
51-60 13.17% 86.83% 21.98% 78.02%
61-70  40.50% 59.50% 49.82% 50.18%
71-80 36.38% 63.62% 49.13% 50.87%
81-90 56.09% 43.91% 49.21% 50.79%
91-100 58.29% 41.71% 72.05% 27.95%

B) Density-Model
Risk Using 1999 Risk Rating Using 2000 Risk Rating
Rating Stands with attack in 2000 Stands with no attack in 2000 Stands with attack in 2001  Stands with no attack in 2001
1-10 5.54% 94.46% 10.92% 89.08%
11-20 24.90% 75.10% 37.43% 62.57%
21-30 30.42% 69.58% 34.44% 65.56%
31-40  25.47% 74.53% 31.45% 68.55%
41-50  25.06% 74.94% 37.56% 62.44%
51-60 33.00% 67.00% 40.98% 59.02%
61-70  41.22% 58.78% 50.37% 49.63%
71-80 37.01% 62.99% 54.14% 45.86%
81-90 62.72% 37.28% 54.65% 45.35%
91-100 64.51% 34.49% 75.35% 24.65%

mation of risk.

Similarly, there are several potential reasons why stands
with low risk ratings were attacked. As was previously men-
tioned, in epidemic population conditions, when competition
for suitable hosts increases, beetles will attack sub-optimal
hosts (Safranyik and Carroll, 2006). Furthermore, since out-
break conditions existed in much of the region surrounding
the study area in the years considered (1999 to 2002), beetles
could have emigrated from other areas via some long range
dispersal mechanism (Safranyik and Carroll, 2006). Such an
influx would exacerbate beetle pressure. It should also be
noted that the helicopter GPS surveys were not conducted in a
systematic manner across the study area, and that no infor-
mation was recorded for locations where there was no attack.
Therefore, for the purposes of this analysis, an assumption
was made that stands that did not contain any survey points
were not attacked. Notwithstanding the potential for error
associated with this assumption, the helicopter GPS survey
data is the benchmark of mountain pine beetle survey infor-
mation (Wulder et al., 2006b), and has generally been found
to be accurate in detecting locations of red attack damage

(Nelson et al., 2006).

The calculation of beetle pressure depends on a number
of assumptions, including: dispersal distances, dispersal direc-
tionality, and population density of the mountain pine beetle.
Further research in these areas could reduce the uncertainty in
the model output (Higgins et al., 2003). Dispersal distances
have been measured and modeled below the forest canopy
(Safranyik et al., 1992; Powell et al., 2000). However, a large
percentage of the population remains unaccounted for, and
little is known about dispersal above the canopy (Safranyik et
al., 1992; Barclay et al., 1998). When calculating beetle pres-
sure, the beetles are assumed to disperse equally in all direc-
tions; however, since they are largely moved passively by the
wind, the dispersal may follow from the predominant wind
direction (Byers, 2000). The interactions between population
size, aggregation, disaggregation, and resource depletion are
being researched and modeled at the local scale (Logan et al.,
1998; Safranyik et al., 1999). A mountain pine beetle infes-
tation represents a complex natural process, impacting large
areas ecologically and economically. Ongoing research is at-
tempting to improve the characterization of mountain pine
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beetle movement spatially and temporally at the landscape
scale (Safranyik and Wilson, 2006).

Although there are comparable trends between the two
risk rating outputs, the distance-based model of beetle pres-
sure identified more stands with a higher risk rating than the
density-based model. The Voronoi polygons used in the den-
sity-based model incorporated the density of the helicopter
GPS survey points into the estimates of beetle pressure. When
beetle populations are increasing, more areas of damage will
be identified in the survey, increasing the density of the sur-
vey points and resulting in smaller Voronoi polygons, which
in turn result in a more spatially constrained rating of risk.
With the distance based model, the density of the survey
points has no bearing on the beetle pressure. In an operational
context, a forest manager will want to prioritize areas for
mitigation as resources will typically be limited. Using the

distance based model, a much larger area would require action.

However, by incorporating knowledge of beetle population
dynamics and accounting for the density of the survey points
through the spatial analysis, a spatially refined rating of risk
results. We hypothesize that the density-based model is effect-
tive when mountain pine beetle populations are increasing and
the density of surveyed damage is also increasing. Therefore,
under certain population conditions, it may be preferable to
emphasize the density of, rather than the distance to, nearby
beetle infestations. Further testing of the density-based model
under a range of population conditions would be required to
test this hypothesis.

6. Conclusion

Assessing the stand-level risk associated with mountain
pine beetle attack is a useful tool for predicting where attack
is most likely to occur. Such information may be used by
forest managers to prioritize areas for mitigation efforts. Risk
is a function of stand susceptibility and beetle pressure, with
the latter typically calculated by considering the distance and
the size of mountain pine beetle populations within a certain
proximity to the stand being rated. An alternate approach to
calculating beetle pressure that considers the size, distance,
and density of beetle populations was presented in this paper.
Voronoi polygons represent the density of attack by mountain
pine beetle in an intuitive manner: the inverse proportional
relationship between the size of the Voronoi polygon and the
density of attack facilitates interpretation. Previous research
has indicated that high density population source areas may
increase the risk of attack, primarily as a result of the massive
number of beetles dispersing across the landscape. Given this,
density may be an alternate means to estimate beetle pressure
under an epidemic population scenario, although the approach
presented herein would require testing under a broader range
of population and stand-level conditions prior to implement-
tation in an operational context. In our study area, risk ratings
generated from the density based model of beetle pressure
corresponded more closely with actual beetle attack locations
in the subsequent year, when compared to risk ratings gene-
rated from a distance-based model.
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