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Abstract: Timely detection of insect infestation (or other disturbance) in a forest is vital for an
adequate response plan to be developed. To determine the status of an active infestation of southern
pine beetle (Dendroctonus frontalis) in the Bienville National Forest, WorldView-2 imagery was utilized.
Principal components analysis (PCA) was performed and correlated with spectral reflectance bands to
assess differences between the classification of spectral reflectance bands and principal components.
Unsupervised classification of combinations of principal components (e.g., combining principal
components 1 and 2, principal component 1 alone, and principal component 2 alone) was performed
and compared with combinations of principal component correlations with spectral reflectance bands
(e.g., all bands, bands 1-5, bands 6-8, and bands 2, 4, and 5). Combining principal components 1 and
2 was more accurate than other methods, closely followed by spectral bands 1-5. Employing PCA
will aid resource managers in quickly detecting areas of active insect infestation and allow them to
deploy adequate response measures to prevent or mitigate continued outbreaks.

Keywords: bark beetles; southern pine beetle; Dendroctonus frontalis; World View-2; principal components
analysis; forest disturbance

1. Introduction

Southern pine is an essential component of the world’s wood fiber production, with
18% of the global pulp and paper output coming from forests in the 13 southern states [1].
The region is also a producer of dimensional lumber products and energy production in
the form of wood pellets distributed globally, and the forest plays a role in biodiversity
and ecosystem services [2,3]. Pine is the predominantly planted species in the region,
the majority of which is loblolly pine (Pinus taeda L.) [2]. Roundwood production on
pine plantations accounts for 74% of pulp production in the region [3]. Given this level of
production, many southern U.S. states rely on the forest industry as a significant contributor
to state and local economies. Active forest landowners (the majority of the land in this
region is privately owned) often seek to manage their land to maximize biomass production
or use the income received to fund other non-timber related goals. The southern pine beetle
(Dendroctonus frontalis Zimmermann; SPB) is a key disruptor to achieving those objectives as
one of the most destructive forest insects in the southeastern United States. Over $40 million
(USD) in damage is attributed to SPB each year [4]. Multiple generations of SPB can be
hatched in a year, overwhelming trees and spreading throughout a forest. In these extreme
instances, multi-year outbreaks can occur, producing waves of losses in pine forests. In
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terms of mitigation, management is the best policy with thinning and prescribed fire
reducing the impacts of SPB in a forest [5].

Insect monitoring and detection efforts help to determine counts and insect sex ratios
that may preclude an outbreak [6,7]. Once started, SPB outbreaks can be difficult to manage.
Typically, a buffer is created around trees identified as being infested, and healthy trees
within the buffer are directionally felled in the hopes of containing the spread [8]. One
issue when working to contain an infestation or outbreak is the early detection of SPB
presence. Field crews working from the ground can typically neither visit enough locations
to adequately determine SPB presence nor determine if apparently healthy green trees may
be infested, meaning that when trees are cut to mitigate spread, SPB may already be outside
the containment area.

Detecting infested trees/areas over a large area (e.g., a national forest) is important
for the timely allocation of resources to treat the area to mitigate further spread. Using
remote sensing methods to detect SPB infestation and damage began with incorporating
aerial photographs into monitoring efforts. The aerial photographs were utilized and
work was performed to identify optimal spectral regions for identifying damaged trees [9].
Identification of damage extent and SPB presence has more recently been accomplished
using satellite data, encompassing the use of spectral bands, vegetation indices, man-
ual interpretation, image classification methods, and change detection to determine SPB
presence, damage extent, and severity [10-13]. Using spectral and thermal data, it was
found that canopy temperatures are impacted by early attacks by insects and could be
important for monitoring and modeling early impacts of insects [14]. Detection of insect
infestation or damage improves with increased spatial or temporal resolution as greater
temporal resolution allows for the examination of spectral signatures over finer time frames
and a greater spatial resolution allows for the analysis of individual tree crowns. Using
multi-date imagery was found to provide a greater likelihood of detecting intermediate
damage [11] and a greater spatial resolution allows for infested trees and portions of stands
to be digitized for the development of treatment protocols [11,12,15,16].

It is now possible to utilize high-resolution imagery to provide forest managers with
accurate information regarding disturbance in forests [17]. To facilitate the use of high-
resolution imagery for operational and management actions it is necessary to identify
rapidly deployable methodologies for image analysis that accurately identifies SPB infesta-
tion. Detection of disturbance from insects early in the process allows for the production
of infestation maps and more reliable projections of how an infestation might spread to
nearby trees. Using high-resolution data, the identification of early impacts, and the green-
attack stage of insect infestation, is possible [18]. As with other studies, image indices
using infrared portions of the electromagnetic spectrum proved the most useful as these
bands (i.e., SWIR and NIR) are most closely associated with vegetation water content
and health [10-15,17]. Using WorldView-2 imagery, it was found that using vegetation
indices complemented insect and disease surveys conducted in situ as the satellite cov-
erage allowed for assessment in areas it was difficult for field crews to reach [12]. Image
classification with high-resolution imagery is also utilized with supervised classification
methods yielding accuracy between 85-90% [17,19]. Unmanned aerial vehicles were also
employed with multi-spectral cameras used to calculate image indices to detect early stress
in forests [20].

Operationally, resource managers need a way to quickly and accurately determine
changes in forest health conditions. Therefore, it is imperative to determine SPB activity as
quickly as possible in order to manage and contain SPB activity. In the case of an outbreak,
finding all impacted areas can help guide ground surveys and personnel tasked with
treatment (tree felling, etc.). Using moderate-resolution imagery and image indices or
classification techniques can help identify infestation in the red attack stage [10]. Using
moderate-resolution sensors, such as Landsat, is dependent upon the temporal resolution
of the satellite pass. Supervised classification techniques require the acquisition of training
datasets to train classifiers, while on-demand methods such as unmanned aerial vehicles
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often have shorter flight durations not conducive to assessing large areas. Higher-resolution
imagery is capable of detecting portions of single-tree canopies in multiple spectral bands;
this, however, makes classification more computationally intensive. Principal component
analysis (PCA) can reduce multiple bands into fewer bands, with most of the variance in a
multi-band image being accounted for in the first few principal components (PCs; [21,22]).
Classifying the PCs can increase the accuracy of classifications by eliminating redundant
spectral information. Previous work with high-resolution imagery has utilized supervised
classification techniques [12] and/or derived image indices [18] to assess mortality or
infestation spread.

There is a need to provide forest managers with a way to leverage imagery to deter-
mine the current status of the forest. Rapid monitoring, evaluation, and prediction will
become increasingly crucial as SPB is projected to continue moving further north as global
temperatures increase [23,24]. The current research seeks to pursue that means by leverag-
ing WorldView-2 (WV2) data to compare combinations of spectral bands and classification
techniques to determine which most accurately identifies a large-scale infestation by SPB.
There is the potential for confusion in assessing disturbance, particularly insect outbreaks,
when considering ongoing response efforts. In cases where trees are felled in response to
SPB attack (e.g., cut-and-leave), the senescing trees can appear as those currently infested.
The classifications will be assessed by performing PCA on the imagery to minimize the
number of spectral bands used in classification to produce a map of the current state of the
forest in a humid-subtropical pine forest.

2. Materials and Methods

The Bienville National Forest (BNF) covers approximately 81,000 hectares of federal
land and is located in central Mississippi in the southeastern United States (Figure 1).
The climate of the region is humid-subtropical with an average annual temperature of
approximately 18.5 °C and 1600 mm of precipitation distributed throughout the year.
The BNF is dominated by planted pine forests (Pinus spp.) and the proclamation area
is interspersed with privately-owned land, much of which has pine forest present. The
public portions of the BNF are managed by the U.S. Forest Service and consist of planted
and natural stands of approximately 63,000 ha suitable for timber production. Much of
the forest is loblolly pine (Pinus taeda) which is difficult to transition to other forest types
because of the presence of red-cockaded woodpeckers (https://www.fs.usda.gov/main/
mississippi/landmanagement/planning (accessed 6 December 2023). A previous SPB
outbreak impacted the forest in 2012 [5] with the most recent outbreak beginning in 2015.
The spread of SPB in the BNF led to various treatment efforts in an attempt to control the
outbreak [16]. These efforts include cut-and-leave, where trees are cut in a circular buffer
around the infested trees to cover an area that is at least the height of the tallest infested
tree. Also employed are cut-and-remove operations where trees are cut and removed to
processing facilities and hazard mitigation cuts where infested and/or previously killed
trees along rights-of-ways are removed. Through 2017, cut-and-leave was the primary
operation for mitigating SPB spread but field-based monitoring proved difficult to keep up
with SPB spots.

Worldview-2 imagery was selected to assess the outbreak given its availability of eight
spectral bands, including five visible (i.e., coastal blue (400450 nm), blue (450-510 nm),
green (510-580 nm), yellow (585-625 nm), and red (630-690 nm)), red-edge (705-745 nm),
and two near-infrared bands (NIR, 770-895 nm and 860-1040 nm, for NIR bands 1 and
2, respectively), and those with a high temporal resolution, and a spatial resolution of
approximately two meters. Ideally, tree-level classification can be made using object-based
classification methods. In the present effort, we seek to provide a reliable spectral classifica-
tion of trees likely affected by SPB to better allocate field-based resources and mitigation or
treatment efforts for future outbreaks. The imagery was obtained on 24 October 2017 and


https://www.fs.usda.gov/main/mississippi/landmanagement/planning
https://www.fs.usda.gov/main/mississippi/landmanagement/planning

Remote Sens. 2024, 16, 582

40f14

consisted of 12 tiled images. The tiles were converted to top-of-atmosphere radiance ([12];
Equation (1)):

abscalfactor
effectivebandwidth

L = GAIN x DN x ( ) x OFFSET 1)

where L = top-of-atmosphere radiance (W/um/ m?/sr); GAIN and OFFSET are the cali-
bration factors provided for each spectral band; DN represents the digital number in the
original image; “abscalfactor’ is the absolute calibration factor; and ‘effectivebandwidth” is
the effective band width (provided in the image metadata).

Figure 1. WorldView-2 image of federal lands within the Bienville National Forest in central Missis-
sippi, USA.

The radiance values (L) are converted to top-of-atmosphere reflectance (Equation (2)):

@

)
TOA — (Lxdlst xn)

Esun x cos 0

where TOA = top-of-atmosphere reflectance, L = radiance (Equation (1)), dist = distance to
the Sun (in astronomical units) on the date of image acquisition, Esun = top-of-atmosphere
solar radiation for each band, and © = solar zenith angle for time/date of acquisition.

Subsequent to this, rapid atmospheric correction was applied using ERDAS Imagine
2020 [25]. This compensates for light scatter and absorption as energy propagates through
the atmosphere, reducing TOA reflectance to ground-level reflectance. The tiles were
mosaicked into a single image covering the public lands of Bienville.

Principal components analysis is a data reduction technique that produces orthogonal
transformations of the data that produce fewer dimensions by accounting for interrelated
variables [21]. PCA with remote sensing data utilizes the spectral bands of the original
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image and calculates a covariance matrix. Eigenvalues are derived that provide insights into
the direction and magnitude of the correlation of each band to each principal component
generated and can be utilized to determine the total and cumulative variance of each
principal component. Principal components (PCs) are uncorrelated images that reduce
data redundancy and when visualized individually or as a multiband image can elucidate
underlying factors related to potential issues on the ground [18,26]. The output is a number
of PCs that equal the number of input bands (i.e., eight input bands result in eight PCs).
The PCs account for variance in the bands of the input image and typically capture a high
proportion of the variance in the first few PCs. It is possible to analyze band correlations
with each PC to assess the information captured in each component.

The PCA results were used to classify SPB infestation and to create image stacks of
the band combinations accounting for the most variance in the image for classification. A
principal component was calculated for each input band (8 total). Using the eigenvalues,
it was observed that approximately 88% of the variance was accounted for by PC; and
98% of the variance in PC; and PC; (Table 1). Assessing the correlation of each band and
PC, the strongest correlations for PC; occur with bands 6, 7, and 8 (red edge, NIR1, and
NIR2, respectively). The second PC had strong negative correlations with bands 1-5 with
the strongest in blue, yellow, and red bands (bands 2, 4, and 5; Table 2). Ultimately, it was
decided to create images of (1) all bands, (2) coastal blue, blue, green, yellow, and red,
(3) red edge, NIR1, and NIR?2, and (4) blue, yellow, and red for classification. A new image
was created for each combination and unsupervised classification was performed on each
image. Object classifications were performed for PC; and PC; separately and a combination
of PC; and PC, using an unsupervised classification. Unsupervised classification using the
ISODATA clustering algorithm was employed as it provides a means of quickly assigning
a class label and avoids the added costs and time of obtaining training datasets. The initial
classifications divided each image into 150 clusters. Following the initial classifications,
each image was reclassified as infested or non-infested by manually evaluating the initial
clusters. For the object classifications using the PC results, the images were segmented,
using the default segmentation parameters, and classified into 150 objects which were then
reclassified into infested /non-infested objects. All classifications were performed using
ArcGIS Pro version 2.8 [27].

Table 1. Principal component results showing variance and cumulative variance for each principal

component.
Principal Component % Total Variance Cumulative Variance

1 88.2 88.2
2 9.7 97.9
3 1.0 99

4 0.5 99.5
5 0.3 99.8
6 0.1 99.9
7 0.06 99.96
8 0.04 100

To assess the accuracy of the classifications, 75 points were allocated to the infested and
non-infested classes (150 points total) using an equalized stratified random distribution.
Each point was then manually interpreted from the WorldView-2 image as infested or
non-infested. The point locations were assessed visually using the visible image where
the yellow- and/or red-attack stage could be identified. These validation points were
compared to the manually classified infestation areas reported by Crosby and others [16].
From these locations, precision, recall, overall accuracy, and the F1 score were calculated
for the seven different classifications performed.
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Table 2. Correlations between principal components and spectral reflectance bands of the original
WorldView-2 image.

Principal Component

1 2 3 4 5 6 7 8

1 0.455 —0.79 0.001 —0.146 —0.32 —0.126 0.165 0.048

2 0.494 —0.817 —0.014 —0.141 —0.227 —0.058 —0.116 —0.03
- 3 0.671 —0.716 —0.084 —0.021 —0.063 0.16 0.003 0.034
"g 4 0.581 —0.805 0.022 —0.04 0.066 0.006 0.012 —0.024
pg 5 0.494 —0.847 0.05 —0.098 0.146 —0.049 —0.014 0.049

6 0.969 —0.175 —0.029 0.174 —0.007 —0.014 0.002 0.002

7 0.982 0.133 —0.125 —0.047 0.01 —0.005 0.001 —0.001

8 0.988 0.109 0.105 —0.02 —0.005 0.005 <0.001 <0.001

3. Results

The unsupervised classification utilizing all reflectance bands yielded a classification
that shows 3100 hectares being actively infested by SPB which was greater than three times
the area of active infestation. The classification using all bands produced an F1 score of
58.5% (Table 3). Classified areas of active infestation are distributed throughout the forest,
but there are multiple areas of obvious misclassification (Figure 2a). The area of active
infestation is far less in the classification of only the visible bands (i.e., bands 1-5; Figure 2b)
which also had the greatest F1 score of all the classifications of spectral bands (88.6%).
Classification results using bands 6-8 (Figure 2c) and 2, 4, and 5 (Figure 2d) were inaccurate
in both area and F1 scores.

Table 3. Precision, recall, accuracy, F1 score, and acreages for each image/combination classified.
The classifications include object classification of a combination of PC 1 and 2 (PC120BJ), PC1 alone
(PC10B]J), and PC2 alone (PC20B]J). The remaining classifications compared were all spectral bands
(all bands), and those most correlated with PC 1 and/or PC 2 (bands 1-5, bands 6-8, and bands 2, 4,
and 5).

Image
PC120B]  PC10Bj PC20B]  AllBands Bands1-5 Bands 6-8 Bands2,4,5
Precision 81.3 13.3 56 41.3 82.3 30.7 453
Recall 100 90.9 97.7 100 95.4 95.8 89.5
Accuracy 90.7 56 77.3 70.7 89.3 64.7 70
F1 89.7 233 712 58.5 88.6 46.5 60.2
Acreage 1527.7 5066.7 965.8 3100.1 12714 3474.6 1550.7

Open areas, forest edges, and rights-of-ways had multiple spots incorrectly classified as
active infestation. Additionally, there were single pixels sporadically occurring throughout
the image (e.g., a salt-and-pepper effect). Showing a classified location in detail, compared
to the visible image of an infested location that has been partially treated (Figure 3a—e),
the misclassification is evident. Bands 6-8 (Figure 3b) show pixels and small groupings
throughout the area, while the classification performed on bands 2, 4, and 5 (Figure 3c)
shows the treated area as infested more clearly than the area to the east that is infested
(i.e., the area of red in Figure 3a). All bands captured most of the infested and treated areas
and show the salt-and-pepper effect throughout the adjacent healthy forest (Figure 3d). The
classification of bands 1-5 (Figure 3e), while imperfect, captured a majority of the infested
area and illustrates the edge of the treated area that is shown as infested.
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Figure 2. Unsupervised classification results for WorldView-2 image for (a) all spectral bands,
(b) bands 1-5, (c) bands 6-8, and (d) bands 2, 4, and 5.

The principal components classified using three PC combinations show starkly differ-
ent results compared to each other. The combination of PC; and PC, (Figure 4a; Table 3)
had the greatest F1 score while PC; alone (Figure 4b) had the lowest F1 score and greatest
area estimate of any combination classified with either method. Visually, the PC com-
binations are starkly different (Figure 5a,d). Assessing PC; alone (Figure 5b) showed
many small objects identified as infestation adjacent to the treated area and infested spots
(Figure 5a). PC; alone (Figure 5c) grossly underestimated the areas that are actively in-



Remote Sens. 2024, 16, 582

8 of 14

fested, which may be expected given the low variance found in the second PC (Table 1)
and small area actively infested estimates from the classification (Table 3). The combina-
tion of PC; and PC, (Figure 5c) has a few spots along the forest/treated edge classified
as infested. Compared to the three band combinations, the coverage of SPB infestations
varied wildly throughout the forest depending upon which combination of PC/bands was
classified (Figures 2a—d and 4a—c). The object classification using combined PC; and PC,
provided the most accurate classification (assessed by F1 score; Figure 4a), though it was
only marginally better than the classification using bands 1-5 (Figure 2b), which were most
closely correlated with PC, (89.7% vs. 88.6%, respectively; Table 3). The area estimates are
different, with PC; and PC, showing 1528 hectares and bands 1-5 showing 1271 hectares;
both overestimated the area of active infestation (953 hectares; [16]) by 60 and 33%, re-
spectively (Table 3). While bands 1-5 produced an area estimate closer to the accepted
area, there were similar errors in the classification using all bands with misclassification
in rights-of-ways. Combining PC; and PC, produced more contiguous areas of active
infestation (Figure 5c, often covering the whole of an infested spot even though, visibly,
some portions may appear non-infested. A few objects appear misclassified as actively
infested along rights-of-ways (Figure 4a).

Status
Non-impacted
I Active Infestation

Figure 3. An area within the BNF showing multiple land cover types in a visible image (a), the
unsupervised classification results for bands 6-8 (b), bands 2, 4, and 5 (c), all spectral bands (d), and
bands 1-5 (e). The grayscale area is a reference where the location shows within the BNF.
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Figure 4. Unsupervised object classifications of (a) principal components 1 and 2, (b) principal

component 1 alone, and (c) principal component 2 alone.

Status
Non-impacted
I Active Infestation

(c)

Figure 5. An enhanced area within the BNF showing a visible image (a) and the unsupervised object
classification results of PC; alone (b), PC, alone (c), and the combination of PC; and PC; (d). The

grayscale area is a reference where the location shows within the BNF.
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Classifying PC; alone provided the lowest accuracy and the largest area estimate
(Table 3). Objects classified with PC; alone are widely scattered with most of the areas clas-
sified as active infestation appearing to be shadows, rights-of-ways, and water (Figure 5b).
Considering the classification of PC; alone, the third greatest accuracy was observed, and
an area estimate was found that only slightly underestimated the area of active infesta-
tion; however, much of the area missed was an open area along an interstate highway.
Some areas of water and open fields were misclassified as active infestation using PC,
alone (Figure 4c). The other images classified (using red edge, NIR1, and NIR2 bands and
blue, red, and yellow bands) did not produce great accuracies and overestimated area
(Table 3). Edges near rights-of-ways and shadows were often misclassified, leading to a
salt-and-pepper effect in the classified image (Figure 2b—d).

4. Discussion

Utilizing principal components provided a means of increasing the accuracy of classify-
ing disturbance within the BNF due to SPB. Removing the noise added to classifications by
unnecessary spectral data provides a means of more accurately representing conditions in
the forest and provides forest managers a method of assessing areas of natural disturbance
within a forest. Comparing the best PC and spectral band classifications (Figure 6a—c), the
noise of classifying spectral bands versus PCs is evident. The object classification of PC
results produces a smoother map (Figure 6¢) and is less susceptible to individual pixels
with small groups of pixels showing up throughout an image (Figure 6b) that would lead
to a waste of field resources, sending people to physically check or treat locations where
there is no infestation. Classifying the PCA results is a more efficient method than the
manual interpretation of imagery (e.g., digitizing; [16]). The combined visible and NIR
data led to too much variance in the image for accurate classification [28]. In this study,
incorporating all spectral bands in an image provides too much noise in the classification,
which leads to inaccuracies that the PCs help overcome [22,29]. Determining principal
components is a relatively straightforward process that will allow analysts of any skill
level to determine the most effective bands to use in determining disturbance agents or
to use object classification of the PCs directly. Other locations and image sources would
likely alter the PC results, in terms of the amount of variance accounted for with each
successive PC. It is likely that the first two or three PCs would account for 90% or more
of the variance. Using this methodology in another area would provide an interesting
comparison of whether there is some threshold of cumulative variance in PCs that aids
in classifying disturbance. It would also be interesting in future studies to determine if
the principal components change with disturbance agents (SPB vs. EAB, drought, wind
damage, etc.).

Figure 6. A comparison of a visible image showing an active area of SPB infestation (a), the classifica-
tion results of bands 1-5 (b), and the object classification of PC; and PC; (c).
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It was noteworthy that the image with the photosynthetically active radiation (PAR)
detecting bands produced such a high accuracy classification. Typically, vegetation indices
are used to identify plant stress [30]. Perhaps the inclusion of the yellow reflectance band
provided enough spectral information to separate beetle-impacted trees. It has previously
been found that the red edge is an important reflectance band for early detection [14];
however, the image that includes the red edge and the NIR reflectance bands did not
produce as good a result. As the trees become more stressed and leaf stress starts to occur,
there is a point at which the tree will appear spectrally as non-forest or standing dead,
meaning the PAR/NIR detecting bands will not show the tree as actively infested. It may
be useful to incorporate hyperspectral imagery [28] for such a task although this would
increase cost for both acquisition of the imagery and processing time.

The spatial resolution of the imagery is important in detecting this shift as well as trees
being attacked as the infestation spreads. Using a coarser resolution image, it may only
be possible to detect plot or stand level damage, meaning that actively infested trees or
the leading edge of an infestation may not be detectable [13,18]. Using imagery such as
WorldView-2 allows for the detection of SPB infestation and can be used for a prompter
response. While the combination of PC; and PC, provided the most accurate classification,
the area of SPB infestation was overestimated. This could potentially be the result of the
object classifier grouping spectrally similar pixels. The overprediction of acreage infested
may result in visiting areas that do not have actively infested trees but would be better than
missing infested areas that could lead to further spread in the forest. The visible bands (1-5),
when classified, yielded a more conservative estimate of the area infested, but were still
greater than the active acreage previously determined [16]. This could be explained by
trees, or portions of trees that are actively infested, having enough photosynthesizing
vegetation to not yet appear as being stressed. There could also potentially be reflectance
being detected from understory vegetation mixing into the pixel.

The attack stage is an important consideration in early detection of infestation. Early
stages of infestation—i.e., green—may spectrally favor green vegetation and lead to in-
accurate classification. Abdullah and others [31] found that red-edge spectral data were
beneficial in detecting green attacks in trees. This study did not directly assess the attack
stage, but future research could address this using PCA and training data from plot-level
surveys to build neural network models to classify vegetation threats [22,32]. Early iden-
tification of tree stress would allow for mitigating measures to be taken to prevent the
further spread of SPB in a forest [11]. In this study, areas that have received some amount
of treatment to mitigate further spread of SPB may have led to classification inaccuracies.
One of the mitigation measures used on the BNF was cut-and-leave, where a buffer around
impacted trees is cut and left in the forest. In some areas of the BNF, particularly with object
classifications using principal components, it appears that some of these areas that were
treated are detected as active infestation due to the similarly senescent vegetation of felled
trees. Additional work would need to be done to incorporate temporally synchronized in
situ measurements to better understand whether high-resolution imagery compensates for
spectral similarities in treated vs. infested trees. Understory composition may also play
a role in this and alternative methods such as spectral unmixing may also be considered.
Masking areas of known treatment from imagery may be useful in avoiding overestimating
the areas impacted.

It may be worthwhile to mask non-forest areas in imagery before performing classifi-
cations to assess forest disturbance. This is particularly true for high-resolution imagery
where pixels appear in gaps in the canopy or spectral mixing occurs along edges that could
be leading to misclassification. However, in an operational setting, this process may be
time-consuming for a resource manager quickly attempting to determine where a distur-
bance is occurring. Altogether, the object classification of PC; and PC; was cleaner than
that with visible bands, meaning there were fewer sporadic clusters from the segmented
image and resulting objects compared to the salt-and-pepper effect in the spectral band
classifications where single or few pixels will appear as actively infested throughout the
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classified image. This may be further refined with spectral and spatial relationships in the
segmentation/ classification.

The present study has the benefit of hindsight for identifying and verifying SPB spots
over a large area. For periodic assessment of SPB activity, in practice, this methodology
could be utilized with multi-temporal imagery. This imagery could be obtained and
processed to identify potential hot spots and update risk maps for insect activity and/or
to enhance efforts of modeling SPB behavior using machine techniques and projected
climate change scenarios [24,33]. It may also be possible to obtain training data from high-
resolution data, such as WorldView-2, and use it to classify regularly obtained imagery
such as Sentinel or Landsat [18,34]. Given the spread of SPB further north [23], out of the
southeastern United States, other regions will need to begin a means of assessing their
presence and impacts on forested areas [7]. This could be a combination of field-based
monitoring /trapping [6] and remotely sensed techniques like that covered here and with
other sensors. Future research should consider forest density relationships with changes in
spectral reflectance, particularly infrared portions of the spectrum commonly associated
with healthy vegetation.

5. Conclusions

This study sought to accurately map insect disturbance using high-resolution remotely
sensed data. Using PCA provides a way to more accurately map insect outbreaks. The
improvements realized utilizing this method with high-resolution imagery will aid forest
managers in more rapidly detecting SPB infestation and allocating resources to prevent
further spread.

The result of using the visible bands was interesting and indicates that these bands may
provide critical information for the assessment of insect disturbance. The unsupervised
classification method used here was used to provide a relatively straightforward approach
to determining SPB activity compared to healthy forests so that accurate information can be
provided to decision-makers regarding treatment and mitigation protocols. The methods
used in this study can be utilized with data from other sensors as well as hyperspectral
data. Regardless of the data source, a readily available method of monitoring forests is
necessary to form a proactive rather than reactive response to similar events in the future.
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