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INTRODUCTION

 

There is an increasing need by government agencies and industry to map and monitor
the area, severity, and spatial location of insect defoliation consistently to report and
assess its impact on forest health and productivity. Information about pest activity
is used to prescribe appropriate pest management practices and to measure the
sustainability of forest ecosystems from timber supply and nontimber value perspec-
tives (P. J. Hall and Moody, 1994; R. J. Hall et al

 

., 

 

2003; MacLean, 1990; Simpson
and Coy, 1999). Damage from insect defoliation will (a) have an impact on trees
and stands by causing timber volume changes due to mortality and growth loss; (b)
influence host–pest interactions, including predisposition to secondary host infec-
tion; and (c) cause direct changes to stand dynamics (Alfaro, 1988; Coulson and
Witter, 1984; Ives and Wong, 1988; Kulman, 1976). Aerial sketch mapping has been
the most frequently used technique to map insect defoliation of North American
forests (Ciesla, 2000; Harris and Dawson, 1979; Simpson and Coy, 1999). While
the value of long-standing records is without question, there are limitations regarding
the extent that aerial surveys can be used to relate defoliated area (the mapped
quantity) to impact (the quantity of growth and wood volume loss) (MacLean, 1990).
The questions of when, where, and how much damage remain fundamental to forest
health concerns. Of interest is determining the role that remote sensing may play in
providing answers to some of these questions.

Insect defoliation affects the morphological and physiological characteristics
of trees, and it is these characteristics that govern how trees absorb and reflect light
(Murtha, 1982). The remote sensing approach has been to relate differences in
spectral response to chlorosis (yellowing), foliage reddening, or foliage reduction
over time, assuming that these differences can be interpreted, classified, or corre-
lated to damage caused by insect activity (Franklin, 2001; R. J. Hall et al

 

., 

 

1983).
Remote sensing data has long been explored for detecting and mapping insect
defoliation; variable success has been reported (Dottavio and Williams, 1983;
Franklin, 2001; Franklin and Raske, 1994; R. J. Hall et al

 

., 

 

2003; Heikkilä et al

 

.,

 

2002; Leckie and Ostaff, 1988; Radeloff et al

 

., 

 

1999; Riley, 1989; Royle and
Lathrop, 1997). The range of remote sensing applications has included detecting
and mapping defoliation, characterizing patterns of disturbance, modeling and
predicting outbreak patterns, and providing data to pest management decision
support systems. The possibility of forecasting the susceptibility and vulnerability
of forested areas to insect defoliation has also been reported as a tool to provide
mitigation options to forest managers (Luther et al

 

., 

 

1997). These applications were
intended to produce information products that support pest management planning,
impact studies, and regional or national reporting. A difficult challenge has been
the use of visual or optical estimates of defoliation severity to define a spectral
basis for damage class limits that can be mapped from the remote sensing image.
This is an important problem requiring resolution if consistent detection and map-
ping is to be achieved (R. J. Hall et al

 

., 

 

2003). As a result, despite past research
and apparent high potential for use of remote sensing to map insect defoliation, it
remains a technology that has seen relatively little operational use (D. J. Peterson
et al

 

., 

 

1999).
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Successful use of remote sensing for entomological studies requires integrating
knowledge about the insect pest, forest host, and remotely sensed image. Reliance
on the remotely sensed image alone is insufficient because what is observed is the
manifestation of damage rather than the causal agent itself. Knowledge of insect
pest biology and its manifestation of damage can be related to species host phe-
nology, stand composition, and structure to understand its damage impact. In turn,
this knowledge is fundamental for remote sensing with respect to defining spectral
regions appropriate for damage assessment, determining sensor spatial resolution
requirements, identifying the optimum timing for data acquisition, and selecting or
developing image-processing methods for mapping pest damage. What are the
major defoliators in North America from which this integrative framework could
be employed?

Based on a review of forest health reports in Canada and the continental United
States, six insect pests are considered among the major defoliators of deciduous
and coniferous forests of North America. These insect pests include aspen defoli-
ators such as the forest tent caterpillar (

 

Malacosoma disstria

 

 Hubner) and large
aspen tortrix (

 

Choristoneura conflictana

 

 Wlk.); gypsy moth (

 

Lymantria dispar

 

 L.);
spruce budworm (

 

Choristoneura fumiferana

 

 [Clem.] in the east and 

 

Choristoneura
occidentalis

 

 Freeman in the west); eastern hemlock looper (

 

Lambdina fiscellaria
fiscellaria

 

 [Guen.]); and jack pine budworm (

 

Choristoneura pinus pinus

 

 Freeman)
(Hall

 

 

 

et al

 

., 

 

1998; Simpson and Coy, 1999; U. S. Department of Agriculture
[USDA], 2004). Many of these pests can cause periodic outbreaks over large areas
that can culminate in extensive replacement of forest stands (Volney and Fleming,
2000). This chapter has been written within the context of these major North
American defoliators.

The purposes of this chapter are to:

1. Compare the general biological characteristics of six insect defoliators,
their damage patterns, and the timing of defoliation damage

2. Summarize defoliation mapping methods, including aerial sketch map
surveys, and which remotely sensed data and methods have been applied
to these six insect defoliators

3. Present a case study for mapping and monitoring aspen defoliation over
a multitemporal sequence of four image dates

 

MAJOR INSECT DEFOLIATORS IN NORTH AMERICA

 

The following sections include, for select major insect defoliators in North America,
brief biological descriptions in relation to defoliation damage, timing, and remotely
sensed image acquisition considerations.

 

A

 

SPEN

 

 D

 

EFOLIATORS

 

: F

 

OREST

 

 T

 

ENT

 

 C

 

ATERPILLAR

 

 

 

AND

 

 L

 

ARGE

 

 A

 

SPEN

 

 T

 

ORTRIX

 

The forest tent caterpillar and large aspen tortrix are the most serious insect defoli-
ators of trembling aspen in North America (Figure 4.1a). These defoliators have
affected large areas of forests in Canada and the continental United States, with a
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notable peak in 2001 that approached 25 million Ha (Figure 4.1a; USDA, 2004).
Damage is caused during larval feeding, which begins when the leaves emerge in
the spring and lasts until the end of June or early July depending on the defoliator
(Table 4.1). Trembling aspen tends to refoliate during late July depending on the
duration and severity of defoliation. The ideal time for observing the actual severity
of defoliation is when the largest amount of foliage has been consumed. This would
be near the culmination of larval feeding, which occurs

 

 

 

approximately from mid-

 

FIGURE 4.1

 

(See color insert following page 146.) 

 

Patterns of moderate-to-severe insect
defoliation from 1999 to 2003 in Canada and the continental United States.

 

3425_C004.fm  Page 88  Thursday, June 15, 2006  1:02 PM



 

Remotely Sensed Data in the Mapping of Insect Defoliation

 

89

 

June to early July. This confines the time period when remote sensing imagery should
be acquired. If the severity of defoliation is known to be severe based on field surveys
or prior aerial survey knowledge, then it may be possible to obtain after-defoliation
imagery earlier in June during the larval feeding period under the assumption that
both before- and after-defoliation imagery would be acquired since the intensity of
defoliation would be sufficiently persistent and dramatic to permit a wider time
window to be used (R. J. Hall et al

 

., 

 

1983). While there was some reported success
at interpreting and classifying the presence or absence of severe aspen defoliation
from multidate Landsat images (R. J. Hall et al

 

., 

 

1983, 1984), more recent work has
resulted in greater sensitivity to defoliation severity levels through detection of
differences in leaf area index (LAI) between pre- and postoutbreak images (R. J.
Hall et al

 

., 

 

2003).

 

G

 

YPSY

 

 M

 

OTH

 

In 1869, gypsy moth was introduced into the Boston area from France for experi-
mental crossbreeding with silkworms (Leatherman et al

 

., 

 

1995). Some escaped, and
without natural enemies, they have become the most important defoliator of trees
in the eastern United States (Herms and Shetlar, 2002). The gypsy moth was observed
in eastern Canada in 1981 as a primary defoliator of red oak, although it has also
defoliated white birch, red maple, and eastern white pine (Hall

 

 

 

et al

 

., 

 

1998). During
1999 to 2001, it was a more significant defoliator in the United States compared to
Canada, but its area of damage was more similar in 2003 (Figure 4.1b). Gypsy moth
larvae emerge in late April to early May and begin feeding immediately, although
the major defoliation damage occurs from older, larger larvae during early to mid-
June (Table 4.1). Because this pest has such a wide host base that includes deciduous
and coniferous species, its detection and mapping by remote sensing can be chal-
lenging. As a result, a multitude of remote sensing techniques, including band ratios,
supervised and unsupervised classifications, image differencing, and change vector
analysis, to name a few, has been employed in gypsy moth studies (Hurley et al

 

.,

 

2004; Joria et al

 

., 

 

1991; Muchoney and Haack, 1994; Townsend et al

 

., 

 

2004). While
refoliation in deciduous stands is often considered a bounding condition on image
selection windows, Hurley et al

 

.

 

 (2004) used three dates of image ratios representing
before-defoliation, after-defoliation, and refoliation time periods to increase circum-
stantial evidence in the detection of gypsy moth defoliation events.

 

S

 

PRUCE

 

 B

 

UDWORM

 

The eastern and western spruce budworms differ little in biology and are among the
most destructive defoliators in North America (MacLean, 1990; Volney, 1985). The
total area of defoliation in Canada and the United States has been relatively similar,
within the range of 2 to 4 million Ha per year (Figure 4.1c). Duration of outbreaks
appears to vary, but its damage pattern frequently includes current-year and older
foliage and results in growth loss, top kill, and vast areas of mortality, especially if
severe defoliation is repeated over several years (MacLean, 1990; Ostaff and
MacLean, 1989). Larval feeding begins with emergence of the overwintering second
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instar larvae in the spring until feeding culmination in June (Table 4.1). Spruce
budworm can defoliate several host tree species depending on its location and is
compounded by current and cumulative defoliation conditions, which complicates
detection by remote sensing. During the latter stages of larval feeding, the needles
turn reddish brown, which is an indicator of current defoliation, but the detection
window is narrow relative to other insect pests, which restricts the time period when
remotely sensed imagery could be acquired. Research has instead focused on the
reflectance characteristics of cumulative defoliation (Leckie et al

 

., 

 

1988). As a result,
there has been greater relative success at detection of cumulative damage even
without the use of multidate imagery (Franklin and Raske, 1994).

 

H

 

EMLOCK

 

 L

 

OOPER

 

The distribution of eastern hemlock looper extends from Alberta to Newfoundland
in Canada and then south to Georgia in the eastern United States (MacLean and
Ebert, 1999). While periodic large outbreaks have occurred in North America, the
trend from 1999 to 2003 suggests it is a more significant pest in Canada (Figure
4.1d). The principal host is balsam fir, but other tree species become susceptible in
high populations as the looper is an aggressive feeder that will consume foliage of
all age classes (MacLean and Ebert, 1999; Raske et al

 

., 

 

1995). Emerging larvae in
the spring feed on new needles, while later instars will feed on both new and old
foliage; feeding is generally completed by late July (Table 4.1). Because the looper
is a wasteful feeder, the residual foliage tends to get caught with the silken threads,
and the desiccation of the damaged needles gives the trees their characteristic red-
brown color. It is at this stage of damage that remote sensing studies tend to be
focused (Franklin, 1989). Significant correlations have been reported between per-
centage defoliation and spectral reflectance values, particularly in the near- (

 

r

 

 = 

 

−

 

0.78, 

 

p

 

 =.0001) and middle-infrared (

 

r

 

 = 

 

−

 

0.63, 

 

p

 

 =.0001) portions of the spectrum,
suggesting that discrimination among light, moderate, and severe classes of defoli-
ation was possible from single-date Landsat Thematic Mapper (TM) data (Luther
et al

 

., 

 

1991). Outbreaks of this pest can affect large areas, such as the 1998–2000
event that defoliated over 400,000 Ha and was detected and mapped from 1-km
coarse spatial resolution multitemporal SPOT (Système pour l’Observation de la
Terre) Vegetation data (Fraser and Latifovic, 2005).

 

J

 

ACK

 

 P

 

INE

 

 B

 

UDWORM

 

The jack pine budworm is considered the most important defoliator of jack pine in
Canada and the lake states of the United States (Cadogan, 1995). Previous reports
suggested outbreak patterns occur every 6 to 10 years (Volney and McCullough,
1994), when large areas can be damaged, and 1999–2003 trends suggest defoliation
is currently at endemic levels (Figure 4.1e). Jack pine budworm overwinters as a
second instar larva and emerges in late May soon after male cones open and new,
young needles emerge (Table 4.1). The budworm larvae migrate to the tops and outer
crown of trees due to their preference for male flower clusters and young foliage
(Howse, 1984). Defoliation spreads from the top of the tree downward (Moody,
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1986). Only the basal portion of the needle is eaten, while the rest becomes entangled
in a mass of silk and larval excrement, which changes to a reddish color that becomes
an indicator of defoliation severity (Volney, 1988). The red discoloration is likely
the stage at which the greatest spectral change occurs, and as such, the timing for
the mapping of defoliation is critical because peak coloration occurs during a short
period from late June to early July (Howse, 1984). Wind and rain remove the red
needles, resulting in exposed branches and top kill if severe defoliation was sustained.
While the degree of top kill sustained in a stand is an indicator of defoliation severity
(Hall

 

 

 

et al

 

., 

 

1998), attempts to detect top kill on multidate satellite imagery proved
difficult (R. J. Hall et al

 

., 

 

1995). The short time period during which the red discol-
oration is visible on trees remains the most appropriate time period for remote sensing
observation (Leckie et al

 

., 

 

2005; Radeloff et al

 

., 

 

1999), but this does result in a very
narrow window for acquiring cloud-free satellite images.
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From the reviews of the biology and manifestation of damage caused by these forest
pests (Table 4.1) and examples of remote sensing studies that have been undertaken,
two issues appear fundamental to the successful use of remote sensing to map insect
defoliation: the spectral and spatial characterization of defoliation and the timing of
image acquisition. First, a remote sensing spectral basis for damage class limits (e.g.,
light, moderate, and severe) is required to achieve consistent detection and mapping
of defoliation severity. Field and aerial surveys tend to rate areas defoliated into
categories that remote sensing studies have attempted to emulate. Broad damage
class limits are not conducive for consistent defoliation mapping because they may
not correspond to differences in spectral response values that are spectrally or
statistically separable on the image. The two factors that drive the spectral response
of a sensor include its radiometric resolution and the range of sensitivity to the
electromagnetic spectrum. Thus, remote sensing observations from airborne or sat-
ellite sensors are over a more continuous scale of spectral responses that can poten-
tially capture a finer scale of defoliation levels than the broad classes that are typically
used (Franklin, 2001; R. J. Hall et al

 

., 

 

2003).
Defoliation tends to result in either physical loss of leaf area or leaf color change,

which results in physical differences in spectral response when compared to prede-
foliation images. Several consecutive years of defoliation, however, tend to result
in physiological weakening, top kill, and mortality for some defoliators. Understand-
ing the role these factors may play in the resulting spectral responses recorded in
the image is important to successful use of remote sensing for mapping defoliation.
In addition to the spectral observations of defoliation, the size of the outbreak area
must also be large enough to be detectable with the airborne or satellite sensor
employed. The spatial resolution of the sensor and the areal coverage of an image
are also important considerations in the selection of the appropriate sensor. As a
result, with both sensor spectral and spatial resolution considerations, the remote
sensing of a defoliation problem is more complex than a simple change in foliage
condition. Second, the timing of image data acquisition should coincide with the
period when spectral changes resulting from defoliation are most observable; for
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many defoliators, this time period is often relatively short. Hardwoods, for example,
tend to respond to defoliation by a second leaf flush in late spring or early summer
(Radeloff et al

 

., 

 

1999). Red needles on conifers tend to be washed and blown away
by rain and wind, leaving a predominantly green tree with only a reduction in needle
leaf area that may or may not be detectable by remote sensing.

Timing of data acquisition is notably one of the most difficult to achieve with
satellite remote sensing because of the need for cloud-free conditions during the
suitable range of dates for image acquisition. Most remote sensing studies tend to
rely on pre- and postoutbreak images to detect spectral response differences resulting
from insect defoliation. In the case of the gypsy moth, an additional image taken
during the refoliation period was used to increase evidence of the forest pest (Hurley
et al

 

., 

 

2004). In general, the greater the number of images required, the greater the
likelihood that remote sensing, particularly from satellite platforms, will fail due to
the decreasing likelihood of finding cloud-free images. There are, however, 29
remote sensing satellites in orbit and 34 planned, of which 70% will offer a spatial
resolution of 2 to 36 m with a range of spectral configurations (Stoney, 2004). As
the number of these remote sensing satellite sensors increases, the likelihood of
obtaining a cloud-free image during the narrow time periods when spectral changes
are at its maximum will increase. The opportunities to acquire imagery ranging from
high (e.g., submeter pixel size) to low spatial resolution (e.g., 1-km pixel size) are
obviously increasing at an unprecedented rate that should help ensure that future
image data will be available during the narrow time periods necessary to capture
damage from pest defoliation.

This section has outlined the biology of these forest pests, their manifestation
of damage, and how it influences the timing of remote sensing image acquisition.
Logical questions that follow include: What has been the primary method used in
defoliation surveys? Which remote sensing methods have been employed in mapping
defoliation?

 

ASSESSMENT OF INSECT DEFOLIATION

A

 

ERIAL
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URVEY
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SSESS
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NSECT

 

 D

 

EFOLIATION

 

Aerial sketch mapping is the process of a trained observer delineating damaged
areas viewed from an aircraft onto a map. It is the most frequently used method to
collect information on the location, intensity, and area affected by forest pests
(Ciesla, 2000). These data are used in support of pest management and provincial
and national reporting on the status of forest pests (e.g., Alberta Sustainable
Resource Development, 2003; Hall

 

 

 

et al

 

., 

 

1998; Simpson and Coy, 1999; USDA,
2004). Such surveys are quick and timely as they are undertaken when pest damage
is most observable and are considered cost-effective because of the large areas that
can be observed rapidly (Ciesla, 2000). Notably, the accuracy of such surveys has
been questioned due to the subjectivity of observer ratings, the ability to detect
defoliated areas, and the determination of the exact locations of observed defoliation
on the map (Ciesla, 2000; MacLean and MacKinnon, 1996). Variable weather
conditions affect visibility and aircraft stability, which can influence sketch map
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accuracy (MacLean and MacKinnon, 1996). Further, the damage label assigned to
a delineated polygon is typically only an expression of the predominant level of
damage since other levels of damage severity may occur within a polygon that has
been mapped as moderate or severe. Aerial sketch map surveys are also impaired
by the lack of time to record details, and the maps produced are not spatially precise
because inclusions of large nondamaged areas and nonsusceptible land cover types
result in overestimates of the actual area damaged (Harris and Dawson, 1979). In
Canada, most forest health surveys conducted by provincial agencies tend to be
focused on managed lands, and thus areas outside jurisdictional interest are not
generally mapped for pest activity. Despite these compromising issues, aerial sketch
map surveys remain in prevalent use.

Perhaps the motivators for the continual use of aerial sketch map surveys is
that the method guarantees data acquisition, it maintains the continuity of long-
term records on a national scale, and efforts are under way to improve the consis-
tency and quality of conditions under which these surveys are undertaken. In
particular, training and education (British Columbia Ministry of Forests, 2005),
survey standards (USDA, 1999), and technological innovations such as digital
capture systems based on global positioning system technology combined with
geographic information systems and portable computers (Ciesla, 2000; USDA,
2003) are in use to improve the quality and consistency of these products. In
particular, moving toward digital capture of sketch map surveys greatly improves
the efficiency of map production and helps to reduce transfer errors because the
delineated line work can be accomplished immediately instead of requiring manual
digitization processes after the aerial survey flights are completed. Given these
method refinements and how these survey results have been used in reporting, there
is the likelihood that these surveys will continue in the near future. Aerial surveys
provide information on the causal agent of forest damage and their approximate
location. While inventory data are sometimes used to obtain more realistic areas
of defoliation, this practice is not common. Remote sensing can complement this
information by generating more spatially precise and detailed defoliation maps
from which its impact on the forest resource could be determined. A review of the
remote sensing methods that have been used for insect defoliation illustrates the
degree that they have been successful in obtaining information of operational
relevance (i.e., used by those in forest management).

REMOTE SENSING TO ASSESS INSECT DEFOLIATION

Selected remote sensing studies were compiled to identify trends in sensor, image
data, image preprocessing, analysis method, and type of insect defoliation data that
were used to assess the six insect defoliators covered in this chapter (Table 4.2).
Studies ranged from 1984 to 2004, of which Landsat TM, Enhanced Thematic
Mapper Plus (ETM+), and SPOT data were most frequently employed in insect
defoliation studies. More than half of the studies employed two or more dates of
image data, representing before- and after-defoliation time periods. Timing of image
acquisition coincident with the period when the manifestation of damage is most
visually obvious remains the most important criterion for image selection. Some
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studies of insect pests, such as spruce budworm and hemlock looper, that result in
foliage color change were reported with single-date images. In terms of atmospheric
preprocessing, only half of the studies employed atmospheric correction or image
normalization procedures, but most of the more recent studies after 1998 employed
such procedures. This observation may be reflective of the developing science by
which change detection studies now recommend image preprocessing procedures
such as radiometric and atmospheric correction, geometric rectification, and topo-
graphic normalization processes be performed prior to analysis (Lu et al., 2004).

Remote sensing methods employed in defoliation studies range from classifica-
tion to modeling, and there appears to be no consistent approach for mapping (Table
4.2). Given the range of damage patterns, from physical loss of foliage to a change
in foliage color, this finding was not unexpected. Image band ratios, transformations
such as principle components and tasseled cap, image differencing, and various
image classification approaches comprise the most frequently used approaches for
mapping defoliation. Particularly promising results were reported from spectral
mixture analysis, discriminant analysis, multiple logistic regression, and modeling
changes in leaf area (Table 4.2). The type of information needed, however, is a driver
for selection of method. Clearly, there are opportunities for developing more stan-
dardized procedures. To select the appropriate scale and image-processing method,
the user requires a clear understanding of the problem and the information needed
in relation to the biology and damage caused by the forest pest. Refer to Chapter 2,
this volume, on scale and image-processing methods for additional details on image
processing and spatial data modeling for capturing disturbances.

Only 3 of the 14 studies reviewed employed continuous estimates of insect
defoliation damage (Table 4.2). Aerial sketch map surveys or ground ocular assess-
ments are typically subjective, which results in relatively broad classes of defoliation
damage that are frequently used in remote sensing studies. Defining the spectral
basis for these broad damage limits will remain a problem until more continuous
estimates of defoliation damage become available. To illustrate many of the funda-
mental concepts and trends summarized in this chapter, the following case study
shows the integration of biological knowledge with remote sensing methods to map
and monitor aspen defoliation.

CASE STUDY: REMOTE SENSING OF 
ASPEN DEFOLIATION

INTRODUCTION

Trembling aspen is the most widely distributed North American tree species (Perala,
1990) and, from ecological and commercial perspectives, the most important decid-
uous tree species in the North American boreal forest (Hogg et al., 2002; E. B.
Peterson and Peterson, 1992). Its geographic distribution extends from Atlantic
Canada to the Pacific coast of Alaska and as far south as Mexico (E. B. Peterson
and Peterson, 1992). Repeated defoliation by insects, in combination with drought,
severe early spring freeze-thaw events, and fungal pathogens has caused reduced
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growth and dieback of aspen in different parts of North America (Brandt et al., 2003;
Hogg et al., 2002).

In northern Alberta, Canada, an outbreak of large aspen tortrix defoliation was
recorded by aerial sketch map surveys during the late 1990s and early 2000s,
followed by collapse in 2004. This case study demonstrates how a four-year (2001
— 2004) time series of Landsat TM images can be used to map trembling aspen
defoliation patterns by monitoring changes in LAI at the approximate same time of
year through comparison with the preoutbreak year (1999). LAI is considered a
fundamental biophysical measure of the forest canopy due to its governing role in
many ecophysiological processes, such as canopy light interception, evapotranspi-
ration, and photosynthesis (Running et al., 1989). In turn, defoliation and dieback
influence the tree’s vegetative biomass, which can be monitored by satellite mapping
of changes in leaf area.

METHODS: HOW IS ANNUAL MONITORING OF DEFOLIATION 
PATTERNS ACHIEVED?

Study Area

The study area was located near the town of High Level in north central Alberta
situated at 58.5°N, 116.2°W. The species occurring in the study area depended on
moisture and site conditions and were characterized by pure and mixed stands of
trembling aspen, balsam poplar, and white spruce. The study area was selected in
part because of reported outbreaks of large aspen tortrix, which had been severely
defoliating many trembling aspen stands (R. J. Hall et al., 2003). The area was also
part of a long-term research project called CIPHA (Climate Change Impacts on
Productivity and Health of Aspen) that was initiated in 2000 to monitor changes in
aspen health as a result of changes in climate in combination with insect defoliation
(Hogg et al., 2005).

Aerial and Field Data Collection

Aerial sketch maps are produced annually by an experienced provincial forest health
surveyor, who delineates polygons onto a 1:250,000 topographic map while flying
in a fixed-wing Cessna 210 aircraft at an elevation range of 900 to 1200 m above
sea level at a speed of 270 to 300 km/hr (Maximchuk, 2005). These maps were
obtained from the province for the 1999, 2001, 2002, 2003, and 2004 survey years.
Each manually sketched polygon was assigned a defoliation severity rating of nil-
light (<35%), moderate (35–70%), or severe (>70%) as defined in the Alberta Land
and Forest Service Aerial Survey Manual (Alberta Sustainable Resource Develop-
ment, 2002). Larger areas of defoliation may include a combination of light, mod-
erate, and severe defoliation but are labeled by the most frequently occurring or
dominant severity rating for that area. Since aerial sketch maps generally provide
an overview of defoliation extent and severity, they were useful in identifying where
to locate field plots and to provide a general level of validation over the landscape.
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Field plots were located within the strata defined by the aerial sketch map survey
(Figure 4.2, Method 1a). Estimates of defoliation were based on mean defoliation
ratings of 10 to 20 randomly selected trees per plot during the peak defoliation
period of 22–25 June 2001. Defoliation of individual trees was visually estimated
with the aid of binoculars to 10% classes (Michaelian et al., 2001) (Figure 4.2,
Method 1b). Ten optical LAI-2000 measurements were taken in each selected plot
(Figure 4.2, Method 2) and averaged for validating the estimation of LAI on the
2001 image. Given that it was not feasible to measure LAI in the field for each year
of the time series, an indicator of how well LAI could be estimated on the image
was derived through validating results from one of the image years. The optical
LAI-2000 measurements were also validated by comparison with up to ten litter
traps that were established in each sample plot (R. J. Hall et al., 2003). The geo-
graphic location of each plot was recorded with the aid of a Trimble Pro-XR global
positioning satellite receiver, which had data subsequently differentially corrected
to within 5 m of its true location with local base station data.

Satellite Remotely Sensed Data

Landsat TM and ETM+ image data (Table 4.3) were acquired to map the peak
occurrence of aspen defoliation from 2001 to 2004, and a 1999 image was used as
the predefoliation image (Figure 4.2, Method 3). The image selection criteria were
defined by (a) an image acquisition date of early June to early July to capture the
outbreak stage of defoliation prior to refoliation of trembling aspen that tends to
occur during later July (Table 4.1); (b) a nondefoliated image to associate changes
in spectral response from healthy deciduous stand conditions to defoliated stand
conditions; and (c) a relatively cloud-free overlap region between the images. Relat-
ing the period of peak defoliation at a particular stage of vegetative phenology to
the timing of image acquisition is the most important criterion when selecting
images. While no cloud-free Landsat image was available from mid- to late June
over the area of interest, there was a relatively consistent time series available in
early July that was deemed acceptable (Table 4.3).

The Landsat images were processed to retrieve top-of-atmosphere directional
reflectance (Figure 4.2, Method 3a). The Landsat data corresponded to Level 1G at
sensor radiance systematic corrected data that was processed using the PGS pro-
cessor by Radarsat International. Radiometric calibration was performed using
information provided in the image header files. An iterative dense dark vegetation
atmospheric correction approach was applied to all scenes in this study using
information extracted from selected dense dark vegetation pixels across various
spectral wavelengths to determine the contribution of aerosols influencing the pixel
radiances recorded at the satellite sensor. The 6S radiative transfer code (Vermote
et al., 1997) was used iteratively to determine an estimate of surface reflectance
given top-of-atmosphere reflectance and an estimate of aerosol optical depth. This
approach provided a systematic and repeatable method for both radiometric cali-
bration and atmospheric correction of multitemporal Landsat imagery as these
factors are essential to produce precise estimates of LAI based on the broadband
spectral vegetation indices that were used (Fernandes et al., 2003). All the images
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were then georeferenced to the Lambert conformal conic projection using a nearest-
neighbor, first-order transformation (Figure 4.2, Method 3b).

DETERMINING LEAF AREA INDEX FOR BEFORE AND AFTER DEFOLIATION 
TIME PERIODS

To determine the change in leaf area attributable to defoliation, a model that relates
an image ratio or vegetation index to leaf area was needed for each image date so
that differences resulting from defoliation could be computed. Studies suggested
that the infrared simple ratio (ISR) (computed as Landsat ETM+ band 4/Landsat
ETM+ band 5) was a more robust indicator of LAI (Fernandes et al., 2003) than

FIGURE 4.2 (See color insert following page 146.) Method flowchart to generate a time
series of aspen defoliation maps based on changes in LAI recorded between pre- and postde-
foliation satellite images.

1. Aspen Defoliation

4. Infrared Simple Ratio (ISR)

5b. Apply LAI models to images stratified
       by deciduous and mixedwood land cover:

6b. Apply % defoliation model to images and classify
       by nil to light, moderate, and severe defoliation levels:

Nil to light
<35%

Severe
>70%

Moderate
35–70%

6a. Develop % defoliation model using defoliation
      estimates collected in method 1b:
      % defoliation = f(% change in LAI relative to T1 LAI)

0 3 6

5a. Generate LAI models using
      LAI data collected in method 2:
      optical LAI = f(ISR)

5. Model LAI

6. Model Percent Defoliation

3. Acquire Before (T1) and After-Defoliation
    (T1, T3, ....) Satellite Images

2. Optical LAI Measurements
    (deciduous and mixedwood plots)

LI-COR
LAI-2000

Hemispherical
photography

3a. Atmospheric correction
      to surface reflectance (ρ)
3b. OrthorectificationρNear-infrared

ρMid-infraredISR =

1a. Establish field plots in deciduous
       and mixedwood defoliated stands.
1b. Rate defoliation severity in the
       field by a percent estimate.
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the simple ratio or reduced simple ratio reported in earlier studies (Chen et al., 2002).
The ISR was computed for each of the 2001, 2002, 2003, and 2004 image dates
(Figure 4.2, Method 4). Structural regressions between Landsat reflectance measure-
ments based on the ISR and in situ optical LAI measurements were applied to each
image date (Fernandes et al., 2003) (Figure 4.2, Method 5a). Validation of LAI
estimates from the 2001 image was undertaken through comparison with field-based
optical LAI-2000 measurements (Figure 4.2, Method 2). Model results were within
a maximum absolute error of 1 LAI unit with a root-mean-square deviation of 0.37
LAI unit, a remarkable result considering it was originally developed for national
applications (R. J. Hall et al., 2003). The ISR model was subsequently applied to
each image date to produce an LAI image within the deciduous and mixed wood
land cover types for each of the 2001, 2002, 2003, and 2004 image dates (Figure
4.2, Method 5b). Classified land cover for this region from the Earth Observation
for Sustainable Development of forests program (Wulder et al., 2003) in collabora-
tion with the Alberta Ground Cover Characterization project was used to stratify the
images into deciduous and mixed wood cover types to ensure regions designated as
coniferous, shrub, agriculture, or other nonsusceptible species types would not be
modeled. The overall accuracy of land cover maps produced by the Alberta Ground
Cover Characterization project is targeted at 80%.

SATELLITE MAPPING OF ASPEN DEFOLIATION

Because changes in LAI attributable to defoliation should be relative to the amount
of LAI present before defoliation, the percentage change in LAI from 2001 to 2004
was computed relative to LAI in 1999. A model to estimate percentage defoliation
as a function of change in LAI was derived based on percentage defoliation values
measured in the field (Figure 4.2, Method 6a). This model was an exponential
function with an R2 of 0.77 (R. J. Hall et al., 2003). While this model was originally
generated for descriptive purposes, additional field and image data could be used in
an operational program to define better the relationship between percentage defoli-
ation and percentage change in LAI relative to the before-defoliation year. This
percentage defoliation model was subsequently applied to the defoliation images for

TABLE 4.3
Landsat TM and ETM+ Image Data for the Case 
Study for Mapping Aspen Defoliation Induced by 
Insect Activity

Path Row Sensor Year Day Aspen defoliator

46 19 ETM+ 1999 July 21 Noninfestation year
46 19 ETM+ 2001 July 10 Large aspen tortrix
47 19 TM 2002 July 12 Large aspen tortrix
47 19 TM 2003 July 15 Large aspen tortrix
46 19 TM 2004 July 10 Forest tent caterpillar
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2001, 2002, 2003, and 2004. A median filter was employed on the resulting defoli-
ation raster maps to remove isolated single pixels and to preserve homogeneous
areas of pixels that more likely represent areas of aspen defoliation. A visual assess-
ment of the image models within the aerial sketch-mapped areas suggested that most
of these isolated pixels were located outside the delineated defoliated areas. The
image models were then classified into the three broad defoliation severity classes
(<35%, 35–70%, and >70%) to produce a thematic map depicting the patterns of
defoliation severity for each image year.

RESULTS: REFINEMENT OF SKETCH MAP SURVEY AREA

The aerial sketch map surveys provide a broad indicator of the annual areal extent
of aspen defoliation. These surveys overestimate the actual area of damage because
they include areas not susceptible to aspen defoliation, such as conifer forest, agri-
cultural lands, and water bodies. Within the study area selected for this case study,
the deciduous and mixed wood land covers were approximately 232,000 Ha and
302,000 Ha, respectively, which amounted to an approximate 530,000 Ha of forested
land that was potentially susceptible to aspen defoliation. The total defoliated area
derived from aerial sketch mapping was nil in 1999, but the area increased to more
than 350,000 Ha annually between 2001 and 2003, followed by a reduction to 90,000
Ha in 2004 due to the collapse of the large aspen tortrix outbreak. Intersecting the
deciduous and mixed wood land cover with the aerial sketch maps excluded areas
not subject to defoliation. The resulting area of susceptible forest was approximately
70,000 Ha for deciduous forest and 95,000 Ha for mixed wood forest from 2001 to
2003. The susceptible area obtained in 2004 was approximately 19,000 Ha for
deciduous forest and 37,000 Ha for mixed wood forest.

Once the amount of susceptible area was determined, it was simpler to isolate
the defoliated forest within it. Translating the percentage reduction in leaf area from
the satellite images to percentage defoliation resulted in a much smaller area of
defoliation within each of the deciduous and mixed wood land cover types (Figure
4.3). Aspen defoliation in the deciduous land cover was approximately 20,000 to
30,000 Ha from 2001 to 2003 and less than 10,000 Ha in 2004 (Figure 4.3a). The
yearly pattern of defoliation was markedly different between the deciduous (Figure
4.3a) and mixed wood (Figure 4.3b) land cover types, which was attributed to
increased complexity of the mixed wood stands due to the conifer component. The
large decrease in defoliated area observed in 2004 was consistent with the reported
collapse of defoliation from the aerial sketch map surveys. While the accuracy of
the smaller areas is difficult to validate, we can at least compare the general trends
reported from the aerial sketch map survey with that derived from the remote sensing
mapping of defoliation.

There was a similar trend in the patterns of defoliation mapped from the remote
sensing time series compared to that mapped from the aerial surveys (Figure 4.4).
The similarity in these yearly trends is a strong indicator that the remote sensing
approach does provide a reasonable representation of the actual trends as represented
in the aerial sketch map data over the four-year time period. The key difference in
these results is that the aerial survey sketch maps represent the total areal extent of
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FIGURE 4.3 Area (hectares) impacted by light to nil (<35%), moderate (35–70%), and severe
(>70%) defoliation for (a) deciduous and (b) mixed wood stands.

FIGURE 4.4 Percentage change of total defoliation mapped from 2001 for remote sensing
defoliation and aerial survey sketch maps.
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defoliation, whereas the remote sensing derivation is closer to representing the net
areal extent that appears to have sustained defoliation.

A compilation of the remote sensing defoliation maps from 2001 to 2004 for a
subsection of the study area is illustrated in Figure 4.5. The sketch maps and image
composites provide a visual comparison of the results derived from aerial survey
and remote sensing. The image enhancement distinguishes areas of aspen defoliation
by a grayish color tone, with healthy deciduous and mixed wood stands depicted
by light and dark orange tones, respectively. By comparing the defoliated areas on
the images to the defoliation sketch maps, it was obvious where the remote sensing
estimates more precisely defined the location of defoliation activities. The sketch
maps, however, do provide a useful framework for associating the remote sensing
patterns to the general areas of insect infestation. While the remote sensing changes
in leaf area did identify areas of greatest change, without ancillary information it
would be difficult to identify the cause of the change; an integration of both methods
therefore appears best. The aerial sketch map would identify the causal agent and
the general region where this activity is taking place, and remote sensing of distur-
bance caused by defoliation (Figure 4.2) would provide the mechanism for more
precise mapping of the actual areas of defoliation.

SUMMARY

One of the major natural disturbances on forest landscapes is caused by insect
defoliators. While aerial and ground surveys are the means by which these distur-
bances are typically recorded, there has been considerable interest to explore the
advantages of using remote sensing to help meet the information needs of govern-
ment and industry. These advantages include achieving more consistent and precise
mapping of pest activities for reporting and assessing impacts on sustainability of
forest ecosystems.

A conceptual model for more successful use of remote sensing was proposed
through the integration of pest, host, and remote sensing knowledge. A table of
comparative biology and damage patterns for six major defoliators summarized
information about the manifestation of damage and the timing for which these
activities occur relative to host tree phenology. This information is required to define
the spectral basis for pest damage and timing of image acquisition relative to the
causal agent. A review of remote sensing studies undertaken specifically to detect
and map defoliation from the six pests revealed that a wide range of data and methods
of analysis have been employed. A case study example with a comprehensive
methods flowchart was assembled to illustrate the model application for mapping
and monitoring of aspen defoliation over a four-year time series.

A challenge is how to move forward toward an operational defoliation mapping
program that uses remote sensing. While aerial surveys are subjective and not
spatially precise, sketch maps do provide a strong advantage in that data acquisition
is guaranteed. An approach to improve on these surveys is to develop an integrated
program since the use of remote sensing alone for detection is more difficult than
its use for mapping. Due to the large regions over which insect pests may occur, the
selection of remotely sensed imagery is best undertaken within the framework of
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FIGURE 4.5 (See color insert following page 146.) A subset of the study area illustrating
the pattern of insect activity from 2001 to 2004. The aspen defoliation mapped by remote
sensing provides a more realistic estimate of the severity and extent of forest damage than
the aerial survey sketch maps. Image composites consist of Landsat band 4 as red, band 5 as
blue, and band 3 as green using an adaptive stretch enhancement.
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aerial surveys. These surveys provide information on the likely causal agent and the
general location of pest defoliators to focus the image selection and acquisition
activities. Subsequent analysis of remotely sensed images provides more precise
mapping of the location and severity of the insect defoliation event.
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