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Abstract

The on-going mountain pine beetle outbreak in British Columbia, Canada, has reached
historic proportions. There is an operational need for efficient and cost-effective methods
to identify red attack trees in these areas. In this paper, we examine the use of an
unsupervised clustering of the 4-m multispectral IKONOS imagery for the detection of
mountain pine beetle red attack at sites with low and medium levels of attack.
Independent validation data were collected from aerial photography and were used to
determine the accuracy with which mountain pine beetle red attack could be detected
using the multispectral IKONOS imagery. Concentric buffers, in 1-m increments to a
maximum of 4-m, were applied to red attack pixels to characterize attribute accuracy as a
function of positional accuracy. When a one-pixel buffer (4-m) is applied, the accuracy
with which mountain pine beetle red attack could be detected using the multispectral
IKONOS imagery was 71% (low attack) and 92% (medium attack). Analysis of red
attack trees that were omitted in the analysis of the multispectral IKONOS image
indicated that detection of red attack was most effective for larger tree crowns (diameter
> 1.5-m) that were less than 11-m from other red attack trees. These results demonstrate
that the unsupervised classification of mountain pine beetle red attack using multispectral
IKONOS imagery is an operationally viable approach.

Résumé

L’infestation de dendroctone du pin ponderosa qui sévit actuellement en Colombie-
Britannique (Canada) a atteint des proportions historiques. La mise au point de méthodes
efficientes et efficaces au plan des colits permettant d’identifier les arbres au stade rouge
dans les secteurs infestés est devenue une nécessité opérationnelle. Le présent article
traite de 1’utilisation d’une technique de classification non dirigée de I’imagerie
multispectrale IKONOS de 4 métres pour la détection des attaques au stade rouge dans
les sites faiblement a moyennement infestés. La précision avec laquelle I’imagerie
multispectrale IKONOS permet de détecter les attaques au stade rouge a été évaluée a
I’aide de données de validation indépendantes dérivées d’une photographie aérienne. Des
tampons concentriques de plus en plus grands (augmentation par pas de 1 m jusqu’a un
maximum de 4 m) ont été appliqués aux pixels correspondant aux zones d’attaque au
stade rouge pour caractériser la précision d’attribut comme fonction de la précision
positionnelle. Avec le tampon de 1 pixel (4 m), la précision avec laquelle les attaques au
stade rouge ont été détectées s’¢levait a 71 % (attaque de faible intensité) et a 92 %
(attaque d’intensité moyenne). L analyse des arbres au stade rouge omis dans 1’analyse
des images multispectrales IKONOS a révélé que la détection des attaques au stade rouge
atteignait son efficacité maximale avec les arbres a cime de plus grand diamétre (> 1,5 m)
situés a moins de 11 m d’autres arbres au stade rouge. Ces résultats indiquent que
I’application de I’imagerie multispectrale IKONOS a la classification non dirigée des
attaques au stade rouge du dendroctone du pin ponderosa est une approche viable sur le
plan opérationnel.



1. Introduction

The mountain pine beetle (Dendroctonus ponderosae) is the most destructive insect of
mature pine forests in western North America (Wood, 1963). Populations of mountain
pine beetle in the central interior region of British Columbia, Canada, have been
increasing since 1994. The rate of spread and attack intensity have increased especially
dramatically in the past few years. From 2002 to 2003, the mountain pine beetle
infestation doubled, increasing from approximately 2.0 million hectares to 4.2 million
hectares (British Columbia Ministry of Forests, 2003a). Preliminary projections estimate
that the area affected by mountain pine beetle increased to 7.0 million hectares in 2004
(British Columbia Ministry of Forests, 2005).

The extent of the current mountain pine beetle outbreak, and the associated economic
impacts, have prompted research into new techniques and data sources for reconnaissance
and mapping of the infestation. Management efforts at the local level have shifted from
attempting to address all levels of infestation across the landscape, to the detection and
mitigation of sites with minimal levels of infestation. The objective of this shift in
management efforts is to reduce or contain the outbreak to a size and distribution that can
be handled within the capacity of the existing forest industry infrastructure. Detection and
mapping of current impact enables planning and mitigation activities, and serves as a
driver for parameterizing models of beetle spread which are designed to reduce future
risks and impacts.

In general, mountain pine beetles in British Columbia reproduce at a rate of one
generation per year (Safranyik et al., 1974). Adult beetles typically attack trees in August,
and lay eggs that develop into mature adults approximately one year later. The beetles
must attack in large numbers to overcome the defenses of a healthy tree and this is
referred to as mass-attack. Once killed, but still with green foliage, the host tree is in the
green-attack stage. The foliage of the host tree changes gradually. Twelve-months after
being attacked, over 90% of the killed-trees will have red needles (red attack). Three
years after being attacked, most trees will have lost all needles (gray-attack) (British
Columbia Ministry of Forests, 1995). Generally, the foliage fades from green to yellow
to red over the spring and summer following attack (Amman, 1982; Henigman et al.,
1999). The leaves gradually desiccate and the pigments break down; initially the green
chlorophyll pigments are lost, then the yellow carotenes and red anthocyanins (Hill et al.,
1967). Slowly, the needles drop until the tree is completely defoliated.

Knowledge of the spatial locations of mountain pine beetle infestations is required for a
range of management activities. The identification of mountain pine beetle red attack
occurs at three different scales in British Columbia, Canada: province-wide, landscape,
and local. Over the entire province, the British Columbia Ministry of Forests is primarily
interested in the detection of red attack stage trees, as opposed to green or gray attack
(Wiart, 2003). Red attack indicates mortality, and at the provincial scale, the amount of
mortality caused by mountain pine beetle has implications for strategic planning (e.g.
allocation of mitigation funding) and timber supply analysis.

At landscape scales, estimates of mountain pine beetle impact are used for expediting the
deployment of field crews to areas which are eligible for suppression activities, or which



require sanitation harvesting. Surveys at this scale are typically completed using a
helicopter with a global positioning system (GPS). Another method of detecting and
mapping mountain pine beetle red attack at this scale is with 1:30,000 aerial photography.
At local scales, field crews complete surveys of red attack trees for the purposes of
designing logging and sanitation plans. The locations of red attack trees are also used to
aid in the determination of the probable locations of green-attack trees in support of
strategic planning and suppression activities.

2. Using remotely sensed data for red attack mapping
The three critical data collection requirements for the detection and mapping of mountain
pine beetle red are (Wiart, 2003):

« Accuracy (e.g. Is the resolution of the acquisition appropriate for the task?).

« Consistency (e.g. Can the detection method be replicated with a sufficient level of
confidence over a variety of stand and biogeoclimatic conditions?).

« Timeliness (e.g. Can the detection method be used to acquire and deliver large
amounts of data to satisfy beetle management plan timelines for probing, layout,
and treatment?).

These three critical factors cannot be considered without also weighing the costs
associated with data acquisition. Several remotely sensed data sources are currently used
operationally to detect and map red attack. Detection and mapping of red attack has also
been demonstrated with other sources of remotely sensed data such as medium and high
spatial resolution satellite imagery; these data sources may provide information where
operational methods are unavailable, logistically difficult to execute (e.g. weather,
accessibility), or where retrospective analyses are required and historical data has not
been collected.

2.1 Existing detection and mapping methods

In order to gather synoptic information on forest health at the provincial scale, an aerial
sketch-mapping program is conducted on an annual basis. This broad survey
encompasses several pests and forest health issues, including mountain pine beetle red
attack (Westfall, 2003). The red attack detection information from the aerial sketch
mapping program is primarily used for strategic planning, the identification of areas
requiring more intensive survey, and for the allocation of mitigation resources (British
Columbia Ministry of Forests, 2003b). In addition, this information is used to adjust the
annual allowable cut and timber supply forecasts (British Columbia Ministry of Forests,
2003a). Due to its cost effectiveness and the speed with which the data can be collected
and made available to forest managers, aerial overview sketch mapping is unparalleled in
the broad, provincial-scale detection and mapping of mountain pine beetle red attack
damage.

At the landscape scale, helicopter GPS surveys are used to identify red attack trees in
areas that are eligible for suppression activities (e.g. areas with low levels of infestation).
The helicopter is positioned over a cluster of red attack trees and GPS location
information is collected at the centroid of the infestation cluster. For each cluster, the
number of infested trees is estimated and the infesting insect species recorded. The size
of the clusters may vary; however, the maximum cluster size is considered to have a
radius of 100-m. Cluster area, shape, and compactness are not recorded (Nelson et al.,
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2004). Field crews will subsequently use the position of cluster centroids to conduct large
sweeps (approximately 100-m wide) for identifying green attack trees. These green attack
trees will then be removed in an effort to mitigate the infestation.

Both aerial overview sketch mapping and helicopter GPS surveys rely heavily on the
interpreter's ability to make instantaneous decisions regarding tree species, damage agent,
location, and severity of observed disturbances. These survey approaches are subjective
and the accuracy with which red attack damage may be detected and mapped can vary
considerably based on the interpreter's experience and preferences (British Columbia
Ministry of Forests and Canadian Forest Service, 2000). In addition, the collected data
cannot easily be statistically analyzed due to the nature of the attributes collected (e.g.
qualitative or estimated quantitative), and in the case of aerial overview sketch mapping —
the coarse nature of the polygon delineation.

Aerial photography is also used to detect and map mountain pine beetle red attack at the
landscape scale. There are several advantages to the use of air photos for red attack
mapping. Firstly, air photos provide a permanent record of the survey, so unlike other
survey methods (i.e. overview surveys and helicopter GPS), the data (image) is captured
and then the attack interpreted. In this way, the air photos facilitate historical analysis, or
additional interpretation and validation by multiple interpreters. Secondly, aerial
photography can be collected at a specified scale and the photos can be geometrically
controlled to provide more spatially precise estimates of beetle location and extent. The
photos are then available for other forestry and non-forestry related applications, and for
subsequent use by field crews for navigation and validation. In 2004, the British
Columbia Ministry of Forests encouraged the widespread use of 1:30,000 scale color
aerial photography for red attack detection and mapping in areas identified for
suppression activities in the provincial mountain pine beetle strategic action plan.

2.2 Emerging detection and mapping methods

Research into the use of medium resolution satellite imagery (Landsat TM and ETM+)
for red attack detection and mapping at the landscape scale has yielded promising results.
Using a single-date Landsat TM image and a supervised classification approach, the
accuracy with which areas of red attack could be identified was approximately 73%
(Franklin et al., 2003). Red attack detection accuracies resulting from the use of
discriminant functions on multi-date TM and ETM+ images ranged from 67% to 78%
(Skakun et al., 2003). In both of these studies, stratification of the imagery with existing
GIS forest inventory information was used to constrain the natural variability in the stand,
thereby reducing spectral edge effects occurring along cut-block, road, river, and lake
edges, and enhancing the difference in spectral response between red attack and non-
attack. The 30-m spatial resolution of Landsat TM/ETM+ resulted in more accurate
detection of larger areas of red attack; however, while smaller, dispersed patches of red
attack were also detectable with a reasonable level of accuracy (Franklin et al., 2003;
Skakun et al. 2003), these results indicate that a higher spatial resolution data source
could be more effective at identifying small and dispersed areas of red attack damage.

The availability of commercially delivered, high spatial resolution satellite data, offers a
potential source for cost-effective collection of accurate, consistent, and timely data



regarding mountain pine beetle impacts at both landscape and local scales. The imagery
has a high level of spatial detail combined with a large spatial extent. For example, the
spatial extent of IKONOS and QuickBird images are 121 and 272 square kilometers
respectively, compared to a spatial extent of 47 square kilometers for a 1:20,000 air
photo. Unsupervised classification algorithms may be used to isolate red attack damage,
reducing issues of inconsistency in photo interpretation. High spatial resolution imagery
(e.g. 4-m multispectral IKONOS) has smaller pixels than medium resolution imagery
(e.g. 30-m Landsat TM/ETM+); these smaller IKONOS pixels are closer to the size of the
target object of interest (individual tree crowns). Fewer objects (trees) are found within
each multispectral IKONOS pixel, reducing the effect of mixed pixels. A 30-m Landsat
pixel will encompass multiple tree crowns (at various stages of infestation), resulting in a
weakened spectral response when the red attack occurs in small patches dispersed across
the landscape. In contrast, a single multispectral IKONOS pixel may contain only two or
three tree crowns, depending on the size of the tree crowns.

Some of the high-resolution sensors, including IKONOS, have robust positional accuracy
(Tao et al., 2004). Furthermore, unlike helicopter GPS surveys, the use of imagery for
this scale of red attack mapping provides a permanent record of the survey, which can
subsequently be used by field crews who need to assess not only the exact location of the
red attack, but also the extent and shape of the red attack stands and their relative position
in the landscape.

The purpose of this study is to assess the accuracy of the 4-m multispectral IKONOS
imagery for mapping mountain pine beetle red attack. Accuracy is the first of three
critical data collection requirements for mapping mountain pine beetle red attack. The red
attack areas identified using the 4-m multispectral IKONOS imagery are compared to the
red attack areas interpreted from 1:20,000 color aerial photography. A rigorous accuracy
assessment protocol is followed: independent calibration and validation data sets are
used; only the attribute specific accuracy (true positive rate) is reported; confidence
intervals are provided for all reported accuracy values.

3. Study area

The study area is located in the central interior of British Columbia, Canada. The
ecosystem in this area is dominated by the Sub-Boreal Spruce (SBS) biogeoclimatic
zone, with a minor component of the Engelmann Spruce Sub Alpine Fir (ESSF)
biogeoclimatic zone occurring in higher elevations areas to the east (Medinger and Pojar
1991). Two separate areas (Figure 1) were used in this study: the first area (phase one) is
13 km by 11 km, centered at 123°15' west and 53°21' north, approximately 75 km
southwest of Prince George; the second area (phase two) is 13 km by 33 km, centered at
124°18" west and 53°39' north, approximately 120 km west of Prince George. Elevations
in the first area range from 640 m to 1280 m, while elevations in the second area range
from 850 m to 1500 m.
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Figure 1. Location of phase 1 and phase 2 study areas in British Columbia, Canada.

The provincial forest inventory data indicates that the leading species in both study areas
are dominated by mature lodgepole pine (Pinus contorta), which comprises 77% of the
productive forest area. The second most common leading species are spruce (Picea spp.),
comprising 19% of the productive forest area. Other minor leading species include alpine
fir (Abies lasiocarpa) (at higher elevations) and aspen (Populus tremuloides). The
lodgepole pine stands are characterized by an average age of 105 years, an average height
of 19-m, and an average crown closure of 48%. Average stand density for these
lodgepole pine stands is 1600 stems per hectare, with an average stand volume of 171
cubic meters, or a total volume of 270,857 cubic meters.

4. Data

4.1 Field data

Field crews were dispatched to validate the location and confirm the status of each of the
red attack trees delineated on the photo interpreter's detailed stem map. Six field sites
were visited; two of the sites were surveyed on April 28, 2003 and the remaining four
sites were surveyed on May 12, 2003. For each tree at each test site, field crews collected
the following information: tree species, species of bark beetle present, attack severity,



diameter at breast height, and foliage color. Errors of omission (red attack trees missed by
the photo interpreters) and commission (trees erroneously identified as red attack that
were not red attack) were also noted by the field crew.

4.2 Aerial photography

Standard color aerial photography, at 1:20,000 scale, was used as a source of validation
data in this project. The color aerial photography was collected on October 16, 2002. The
aerial photography was orthorectified using an automated aerotriangulation process
(ImageStation Automatic Triangulation).

4.3 High spatial resolution remotely sensed data

The high spatial resolution remotely sensed data used for this project was the 4-m
multispectral IKONOS data, acquired the same day as the aerial photography (October
16, 2002). The multispectral IKONOS image was a georeferenced product with a
positional accuracy of 15-m (Dial et al., 2003). The IKONOS satellite, launched in 1999,
collects 1-m panchromatic and 4-m multispectral images concurrently. The IKONOS
instrument has global coverage, a consistent acquisition schedule, and the capability to
acquire imagery with near nadir viewing angles. The resolution of the sensor is suitable
for high accuracy photogrammetric processing and mapping applications (Tao et al.,
2004). With the robust geometric accuracy of the IKONOS sensor, 1:10,000 scale
mapping can be produced without ground control and 1:2,400 scale mapping with ground
control (Dial et al., 2003). The 4-m multispectral data has similar spectral properties in
the visible and near infrared wavelengths as Landsat ETM+ (Goward et al., 2003). With
these spectral and spatial properties, IKONOS offers potential for natural resource
applications (Goetz et al., 2003; Hurtt et al., 2003).

S. Methods

The project was completed in two phases, with each phase conducted in a separate
geographic area (Figure 1). The phase one area was used to confirm that 1:20,000 color
aerial photography was a suitable surrogate for ground data for validating the presence of
mountain pine beetle red attack. In the phase two area, a 4-m multispectral IKONOS
image was classified, and areas of red attack were identified. The red attack areas
identified from the IKONOS image were then validated against detailed stem maps of red
attack trees, which were generated by photo interpreters using 1:20,000 color aerial
photography.

5.1 Phase 1: Aerial photography as a surrogate for field data collection

The first phase of the project assessed the suitability of 1:20,000 color aerial photography
to serve as a surrogate for ground validation data. A strong correspondence between the
number and location of red trees identified by ground survey, and the number and
location of red trees identified through the interpretation of air photos would greatly
reduce the costs and time associated with the collection of validation data. (Field surveys
cost approximately $11.00 CAD/ha, while surveys using 1:30,000 air photos cost
approximately $0.15 CAD/ha.) Six 1-ha test sites were selected at random using a
numbered grid overlaid on the phase one study area. A map of the six test site locations,
and the air photos associated with each test site, were provided to an independent third



party photogrammetric specialist (with extensive experience in air photo interpretation
and local knowledge of the study area). Red attack tree crowns were identified and
delineated with stereo pairs of air photos using DiAP Viewer, a Microstation compatible
digital photogrammetric system. Each attacked tree was given a unique identifier and a
distance and bearing from a known feature in the test site. With this method, a detailed
stem map was compiled for each of the six test sites (see example in Figure 2). The photo
interpreter was certified and had local knowledge of the study area.

Figure 2. Detailed stem map (left) generated from 1:20,000 colour photography (right).

5.2 Phase 2: Identifying red attack trees using multispectral IKONOS imagery

The second phase of the project compared the classification of red attack generated from
the multispectral IKONOS data to the detailed stem maps of red attack trees generated
from 1:20,000 color aerial photography. The phase two area (Figure 1) was split into two
halves due to the lack of availability of air photos for the entire area; however, for the
random selection of samples, the photos were treated as one dataset (Figure 3). The phase
two study area encompassed a wide range of infestation intensities. Infestation intensities
were categorized into four distinct damage classes: non-attacked susceptible stands
(zero); lightly infested susceptible stands with 1% to 5% of trees red attacked (low);
moderately infested susceptible stands with greater than 5% and less than 20% trees red
attacked (medium); and heavily infested susceptible stands with greater than 20% of trees
red attacked (high).
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Figure 3. 1:20,000 colour aerial photography superimposed on IKONOS 4-m multispectral
imagery. IKONOS imagery © Space Imaging LLC, all rights reserved.

The damage class for each site was determined by counting the number of live green and

red stems within each test site; the ratio of red attack trees to live green trees determined
the appropriate damage class for each site. Sites were selected at random and assigned a
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Figure 4. Exclusionary mask sperlmpos d on IKONOS 4-m multispectral
image. The areas under the mask were not included in the classification.

damage class. This process continued until ten 1-ha sites were selected for each of the
zero, low, and medium damage classes. One of the low damage class sites was labeled
incorrectly and was later dropped; therefore, analysis proceeded for the low damage class
with only nine test sites. Non-attacked areas with no red attack trees (zero) were
identified in order to test for false positives (errors of commission where a red attack tree
is identified, but no red attack tree exists). High damage class sites (sites where greater
than 20% of the trees in the stand were red attack) were not assessed because the
infestation in these areas was too widespread to be considered for operational suppression
treatments. The objective of the detection and mapping exercise presented in this paper
was to identify small, scattered infestations suitable for suppression activities. The
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process for generating the detailed stem maps from the stereo air photo pairs was
identical to that described in under the methods for phase one of this project.

An image mask was generated from features in an ancillary GIS database. The mask was
designed to exclude features such as logged areas, water bodies, and cloud cover from the
classification (Figure 4). The purpose of using the mask was to reduce the spectral
variability inherent to forest stands (Franklin et al. 2003). An unsupervised classification
(ISODATA) of the multispectral IKONOS imagery was then used to delineate the red
attack trees. The unsupervised approach was selected to diminish the requirement for
training data (Franklin et al., 2003). The parameters used in the clustering algorithm are
provided in Table 1. An independent set of calibration data was used to identify which
clusters corresponded to red attack locations. The calibration data consisted of four 1-ha
sites where red attack trees were identified and detailed stem maps were created - as per
the phase one component of this study. Three of the calibration sites were of the medium
damage class and one was of the low damage class. The four calibration sites had a total
of 274 red attack trees. Figure 5 illustrates an example of the red attack trees identified by
photo interpretation and those red attack trees identified by the unsupervised clustering of
the multispectral IKONOS imagery.

Table 1. Parameters used for unsupervised clustering algorithm (ISODATA)

PARAMETER VALUE
Mask exclusionary mask
Desired number of clusters 255
Minimum number of clusters 255
Maximum number of clusters 255
Maximum iterations 10, 50, 100, 200, 500, 1000
Movement threshold 0.01
Lumping threshold 1
Number of Samples 262144
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Figure 5. Red attack tree crowns delineated from aerial photographs (left) and IKONOS pixels
identified as red attack trees by the unsupervised clustering process (right).

5.3 Accuracy assessment

In order to account for slight differences in spatial location and to facilitate the accuracy
assessment process, the air photos were spatially adjusted to match the IKONOS data.
Landscape features were used to align the two data sources to a sufficient level of spatial
correspondence to facilitate comparison of the photo-derived vectors (stem maps) and the
red attack pixels identified from the IKONOS image. To further compensate for
positional errors and differences in spatial resolution between the aerial photography and
the multispectral IKONOS data, a series of buffers were generated around the 4-m
multispectral IKONOS pixels identified as red attack (Figure 6). Buffers, increasing in
size by 1-m increments to a maximum of 4-m, were generated to characterize attribute
accuracy as a function of positional accuracy.

-"!°

o

s

L - a2 @ ° 8
s - o afl e - & l'
e SEjee ° ®

‘'m R I. '; CR:

Figure 6. Red attack crowns from photos (red) merged with red attack pixels from IKONOS
(green) (left). 1-m buffer added to pixels for accuracy assessment (right).
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Figure 7. Measures of correspondence between the red attack trees identified in the IKONOS
image and the aerial photography: true positive, omission, commission. True positive accuracy is
defined as red attack trees, identified on the aerial photography, which fall inside the buffer
applied to red attack pixels identified on the IKONOS image (# of true positive pixels/total # of
red attack trees on air photos). Errors of omission are defined as the number of red attack trees,
identified on the aerial photography, which fall outside the buffer applied to red attack pixels
identified on the IKONOS image (omission/total # of red attack trees on air photos). Errors of
commission are defined as the number of buffers surrounding red attack pixels that have no red
attack trees (as identified on aerial photography) inside them (commission/total # of red attack
pixels on IKONOS image).

From an operational perspective, a buffer corresponding to the dimensions of a single
pixel (for multispectral IKONOS imagery, this distance is 4-m) is a logical choice for
characterizing attribute accuracy. The consideration of buffers greater than 4-m in size is
not practical (this suggests gross misregistration errors) and results in unrealistic
estimates of accuracy). Since accuracy will continue to increase with increasing buffer
size, the estimates of accuracy for buffer sizes greater than the image pixel size will be
unrealistic and may misrepresent the efficacy of the both the classification methods and
the data source itself.

Three accuracy measures were used to enumerate the correspondence between the red
attacked trees identified in the aerial photography and those identified with the clustering
of the multispectral IKONOS data: true positive, omission and commission (Figure 7).
True positive is defined as red attack trees, identified on the aerial photography, which
fall within the buffer applied to the red attack pixels identified in the multispectral
IKONOS data. In the context of accuracy assessment for remote sensing, errors of
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omission are traditionally defined as the proportion of pixels incorrectly excluded from a
particular class. However, in the context of this analysis, errors of omission are defined as
the number of red attack trees, identified on the aerial photography, which are found
outside the buffer surrounding the IKONOS red attack pixels. Similarly, errors of
commission are traditionally defined as the proportion of pixels incorrectly assigned to a
particular class, which actually belong to another class. In the context of this analysis
however, commission errors are defined as the number of buffers surrounding red attack
pixels that have no red attack trees within them (as identified in the aerial photography).
Confidence intervals for the accuracy proportions, at a=0.05, have been calculated to
represent the confidence of the estimates for true positive rates and levels of omission and
commission (Table 2). Confidence intervals were calculated using standard methods that
are appropriate for proportions (i.e. binomial distribution) (Czaplewski, 2003).

Table 2. Validation results for low and medium damage class sites”

LOW DENSITY ATTACK SITES

Buffer Size 1m 2m 3m 4m
Total Red attack Trees (air photos) 127 127 127 127
Total Red attack Pixels (IKONOS) 73 73 73 73
True Positive (pixel count) 69 79 85 90
True Positive (%)" 54.33 62.20 66.93 70.87
ILower 95% Confidence Interval (%) 45.27 53.37 58.35 62.57
Upper 95% Confidence Interval (%) 63.39 71.03 75.51 79.17
Omission (tree count) 58 48 42 37
Omission (%)’ 45.67 37.80 33.07 29.13
Lower 95% Confidence Interval (%) 36.61 28.97 24.49 20.83
Upper 95% Confidence Interval (%) 54.73 46.63 41.65 37.43
Commission (buffer count) 9 8 8 7
Commission (%)’ 12.33 10.96 10.96 9.59
Lower 95% Confidence Interval (%) 4.10 3.11 3.11 2.15
Upper 95% Confidence Interval (%) 20.56 18.81 18.81 17.03

MEDIUM DENSITY ATTACK SITES

Buffer Size 1m 2m 3m 4m
Total Red attack Trees (air photos) 510 510 510 510
Total Red attack Pixels (IKONOS) 389 389 389 389
True Positive (pixel count) 398 439 457 471
True Positive (%)’ 78.04 86.08 89.61 92.35
Lower 95% Confidence Interval (%) 70.45 79.67 83.91 87.33
Upper 95% Confidence Interval (%) 85.63 92.49 95.31 97.37
Omission (tree count) 112 71 53 39
Omission (%)’ 21.96 13.92 10.39 7.65
Lower 95% Confidence Interval (%) 14.37 7.51 4.69 2.63
Upper 95% Confidence Interval (%) 29.55 20.33 16.09 12.67
Commission (buffer count) 25 16 13 8
Commission (%)’ 6.43 4.11 3.34 2.06
ILower 95% Confidence Interval (%) 3.86 2.01 1.43 0.52
Upper 95% Confidence Interval (%) 9.00 6.21 5.25 3.60
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"Results included totals for all test sites for LOW (9 sites) and MEDIUM (10 sites) damage classes.

"True positive accuracy is defined as red attack trees, identified on the aerial photography, which fall inside
the buffer applied to red attack pixels identified on the IKONOS image (# of true positive pixels/total # of
red attack trees on air photos).

*Errors of omission are defined as the number of red attack trees, identified on the aerial photography,
which fall outside the buffer applied to red attack pixels identified on the IKONOS image (omission count
of trees/total red attack trees on air photos).

*Errors of commission are defined as the number of buffers surrounding red attack pixels that have no red
attack trees (as identified on aerial photography) inside them (commission count of buffers/total # of red
attack pixels on IKONOS image).

6. Results

6.1 Phase 1. Aerial photography as a surrogate for field data collection

A field crew validated each of the stem maps; every field site was visited and the location
and status of each red attack tree, as identified on the stem map, was confirmed.
Discrepancies with the stem map were recorded, as were any red attack trees omitted by
the photo interpreters. A total of 210 trees, in the six 1-ha test sites, were identified as red
attack by the photo interpreters. Of these identified red attack trees, only 1 tree was
incorrectly identified as red attack (commission). Thus, 99.5% of the trees identified on
the photos as red attack, were red attack in the field. However, the field crews identified
23 additional red attack trees that were omitted from the detailed stem map derived from
the aerial photos; the photo-interpretation therefore missed approximately 10% of the red
attack trees located in the test sites.

The majority of these omitted trees were found in close association with other red attack
trees and were difficult to distinguish as separate crowns on the air photos. In addition, it
is possible that some of the omitted red attack trees identified by the field crew had
turned red subsequent to the collection of the aerial photography. The photography was
collected in October 2002; however, the field data was not collected until April and May
2003. Based on the results of phase one, 1:20,000 color aerial photography was accepted
as a suitable surrogate for field data in detecting and mapping mountain pine beetle red
attack. In phase two, detailed stem maps generated from 1:20,000 color aerial
photography were used to validate the unsupervised classification of the 4-m
multispectral IKONOS image.

6.2 Phase 2: Identifying red attack trees using multispectral IKONOS imagery

The ten sites examined for the zero damage class (non-attacked susceptible stands) had
no red-attack areas identified on the IKONOS image. There were also no red attack trees
identified by the photo interpreters in any of these ten sites; therefore no true positive or
omission rates could be determined. The commission error for these sites was 0%, with
no red-attack trees erroneously identified in the IKONOS image (no false positives). The
results in these ten zero-damage sites suggest that the spectral signal of mountain pine
beetle red attack damage was not confused with any other spectral responses in the study
area, and that the image mask was effective in reducing the within-image variability in
spectral response.
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The results for the low damage class sites are presented in Table 1 and Figure 8. Nine test
sites were examined in the low test site damage class dataset (lightly infested susceptible
stands with 1 to 5% red attack). The true positive values (using the 1-m buffer) indicated
that red attacked trees in areas of low-density attack were detected and delineated with
54% accuracy. With the additional buffers, true positive accuracy ranged from 62% (2-m
buffer) to 71% (4-m buffer). The omission results ranged from 46% (1-m buffer) to 29%
(4-m buffer). The commission results ranged from 12% (1-m buffer) to 10% (4-m
buffer).

The results for the medium damage class are presented in Table 2 and Figure 9. Ten test
sites were examined in the medium test site damage class dataset (moderately infested
susceptible stands with greater than 5% but less than 20% red attack) and these results are
presented in Figure 9. The true positive values (using the 1-m buffer) indicated that red
attacked trees in areas of medium-density attack were detected and delineated with 78%
accuracy. True positive accuracy ranged from 86% (2-m buffer) to 92% (4-m buffer).
The omission results ranged from 22% (1-m buffer) to 8% (4-m buffer). The commission
results ranged from 6% (1-m buffer) to 3% (4-m buffer). For both low and medium
damage classes, the confidence intervals indicate that as the buffer size increases, the true
positive rate increases and the confidence interval narrows.

Low Attack Density Test Site Accuracy
100.00
s 75.00 A . -
g = "
£ 50.00 A
§_ .
e ¢ *
o 2500 *
A A A A
0.00 ‘ ‘ ‘ ‘
0 1 2 3 4 5
Buffer Size (meters)
B True Positive ® Omission A Commission

Figure 8. Validation results for low damage class sites.
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Medium Attack Density Test Site Accuracy
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Figure 9. Validation results for medium damage class sites.

7. Discussion

This study was specifically designed to examine the potential of 4-m multispectral
IKONOS imagery for red attack detection and mapping in areas identified for
suppression by the British Columbia Ministry of Forests (British Columbia Ministry of
Forests, 2003b). These suppression areas have minimal levels of mountain pine beetle
infestation, and the management objective in these suppression areas is to reduce or
contain the outbreak to a size and distribution that can be handled within the capacity of
existing forest industry infrastructure.

In the context of suppression activities associated with mountain pine beetle infestations,
commission errors are much more problematic than errors of omission when detecting
and mapping red attack. From an operational perspective, the deployment of field crews
to sites falsely identified as red attack (as a result of commission error) has greater
consequence than sites where red attack trees are located, but where every single red
attack tree may not be identified on the photo. Therefore, based on the results of the
phase one investigation and the importance of low commission errors, 1:20,000 color
aerial photography was determined to be a suitable surrogate for ground data.

The spatial resolutions of the multispectral IKONOS image and the aerial photography
are different, and therefore the objects discernable in the two image sources are also
different. In addition to the differences in spatial resolution, positional errors must also be
accounted for. Foody (2002) highlighted the need to incorporate positional tolerance into
thematic accuracy assessments and suggested that an assumption of perfect co-
registration between the two data sources should therefore not be made. The buffers used
to characterize the change in accuracy with increasing distance from identified red attack
pixels from the 4-m multispectral IKONOS imagery are one method of accounting for
positional ambiguity.
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The results of this study indicate that a one pixel (4-m) buffer is a reasonable size to
account for potential positional errors from both the multispectral IKONOS imagery and
the aerial photography. When a one pixel buffer (4-m) was applied to the red attack
pixels, the true positive rates of red attack detection were 70.1% (low attack) and 92.5%
(medium attack). These results indicate that the unsupervised classification of mountain
pine beetle red attack using multispectral IKONOS imagery is an operationally viable
approach. In addition, the generation of independent calibration data using aerial
photography was instrumental in identifying the spectral clusters corresponding to red
attack trees.

Phase one of this project indicated that there was a relationship between the detectability
of red attack trees and both the size of a red attack tree crown and the association of the
red attack tree with other adjacent red attack trees. Generally, the red attack trees that
were missed by the photo interpreters were small crowns directly adjacent to other, larger
red attack trees. The average tree crown diameter of all 637 trees in the study dataset was
2.9-m. Similar to the patterns of omission observed in phase one, properties of omitted
red attack trees were analyzed to determine the relationship between tree crown diameter
and the distance (or proximity) of red trees to other red trees. It was observed that red
trees with an average tree crown diameter of 1.5-m or less were omitted when they
occurred an average distance of 11.3-m or greater from another red tree. When red trees
that exceed a diameter of 1.5-m occur singularly or in groups and are located within 11.3-
m of the next nearest red tree(s), they are accurately detected with 54% to 78% accuracy
(for low and medium damage classes).

As outlined earlier, accuracy, consistency, and timeliness are the three critical data
collection requirements for mountain pine beetle detection and mapping at landscape and
local scales. It has been demonstrated through this study that 4-m multispectral IKONOS
data can provide accurate and consistent detection and mapping of mountain pine beetle
red attack, even in sites with relatively low levels of infestation. Processes for acquiring
IKONOS imagery are timely, although they are subject to cloud cover conditions (as are
other remote sensing methods — including aerial overview surveys and helicopter GPS
surveys). However, the monetary costs of IKONOS data should be considered relative to
other survey methods currently in use, as cost may be an operational constraint to the
widespread use of IKONOS imagery for mountain pine beetle red attack detection and

mapping.

Aerial overview surveys cost approximately $0.01 CAD/ha, whereas helicopter GPS
surveys and 1:30,000 air photo surveys cost approximately $0.15 CAD/ha. Field surveys,
typically cost $11.00 CAD/ha. These cost estimates include all aspects of the survey -
from data acquisition to production of the final deliverables. Costs for IKONOS imagery
vary; to purchase archive 4-m multispectral imagery costs approximately $0.09/ha, while
tasking the satellite to acquire data in a specific area of interest costs approximately $0.23
CAD/ha. These costs for IKONOS imagery are only the data costs and do not include
costs for processing, classification, or creation of the final deliverables. This summary of
survey costs indicate that there may be an operational niche for IKONOS data where
aerial photography or helicopter GPS survey data has not, or cannot be collected, and
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where the level of detail provided by a field survey is not required by the management
objective under consideration. In addition, archive IKONOS imagery can be extremely
useful in retrospective analyses for detection and mapping of mountain pine beetle red
attack in previous years where no other high spatial resolution data source was collected.

8. Conclusion

Spatially-explicit information on mountain pine beetle activities (as indicated by red
attack location) is required for areas identified for suppression activities. This information
is used to plan treatment activities designed to contain or reduce the mountain pine beetle
infestation (through selective harvest), to a level that can be managed within logistical
constraints, such as harvesting and milling capacities. Therefore a strong operational need
exists to have an efficient and cost-effective method to identify red attack trees in these
suppression areas. High resolution remotely sensed data provides a potential source for
accurate, consistent, and timely data for this application.

This investigation has demonstrated that 4-m multispectral IKONOS data may be
successfully used for the detection and mapping of mountain pine beetle red attack, under
certain conditions. Sites with low levels of infestation present problems for detection with
4-m multispectral IKONOS imagery due to the disperse nature of this level of infestation
and the weak spectral signal generated by single, red attack trees. As the buffer size
increased from 1-m to 4-m, the detection accuracy also increased, ranging from 54% (low
damage class) for the 1-m buffer to 93% for the 4-m buffer (medium damage class). In
addition, the commission error results for both of these damage classes were low and
decreased further with increasing buffer size. The reporting of accuracy by buffer size
(Figures 8 and 9) can be used to reflect different management or treatment objectives. For
example, for mapping purposes where spatial locations of red attack are paramount, a
more conservative estimate of accuracy may be appropriate and a smaller buffer size, and
consequently a lower level of accuracy, selected. Alternatively, for other applications
where omission errors are more significant (e.g. suppression), it may be appropriate to
adopt an estimate of red attack with lower omission errors and a correspondingly larger
buffer size (as field crews would want to remove as many red attack trees as possible, in
addition to identifying any potential green-attack trees at the site).
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