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Abstract

The western hemlock looper (WHL), Lambdina fiscellaria lugubrosa Hulst, is a
major defoliator in British Columbia. The purpose of this thesis is to characterize the
susceptibility of forest stands to defoliation by the investigative use of discriminant
function analysis and logistic regression techniques upon forest stand and climatic
variables. The ability to detect susceptibility of forests to WHL attacks is, at present,
scale dependent. Predictions at an inter-watershed scale were far stronger than within
watersheds, at the stand-level scale. Defoliated watersheds tend to be, on average, 1.8 °
C cooler and 2 cm precipitation/month wetter than undefoliated watersheds within the
same biogeoclimatic sub-zones. Watershed-scale hazard rating using average minimum
monthly temperature climate data is an accurate predictor of susceptibility 84-85% of

the time. A weak stand-level signature can be identified using age, site-index and

i

species composition with canonical discriminant function analysis (CDA). However, the

overlap in CDA-score distribution is very high. This study suggests that outbreaks have

some underlying small-scale controlling effects, climate being the obvious one, however

at a stand-level, outbreaks tend to be more stochastic in nature, owing to the

homogeneity of forest stands within defoliated areas.
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1 Introduction

1.1 Statement of problem

The western hemlock looper, Lambdina fiscellaria lugubrosa Hulst,
(Lepidoptera: Geometridae), is a major cause of defoliation damage in British Columbia.
The purpose of this thesis is to characterize the susceptibility of forest stands to
defoliation by the use of discriminant function analysis and logistic regression
techniques upon forest stand and climatic variables. This involves developing a set of
functions based upon a combination of biophysical site variables (forest-cover, elevation
and climate) that best discriminate among the following groups of forest stands: adjacent
undefoliated (AU), loci of defoliation (L), subsequently defoliated (D) or within a valley
that is not adjacent undefoliated (UV). The functions are then applied to the
characteristics of unclassified sites to predict their group membership.

Based upon the multivariate nature of the data and the many-to-many
relationships between the independent and dependent variables, discriminant analysis is
the most appropriate type of statistic to perform. Logistic multiple regression will be
presented as a model for confirmation and comparison, as well as to provide a simpler

model for probability purposes.

1.2 Hazard rating and susceptibility models
The aim of this study is to incorporate resulting models into a hazard-
rating system for western hemlock looper (WHL). Typically, a hazard-rating system for

insects will contain information about both the timing of an outbreak, as well as the



location. The dynamic temporal component is generally known as the ‘risk’. The spatial
component of the hazard is referred to as the susceptibility. In this study, susceptibility
and hazard may be used interchangeably.

As with most forest insect foliovores, outbreaks of WHL are somewhat difficult
to predict. The WHL has an average outbreak periodicity in British Columbia of about 8
years, however the specific locations are variable (Parfett et al. 1995). Although the
primary goal of this study is to measure the susceptibility, the risk in Interior British
Columbia is currently being monitored by a network of 23 sentinel pheromone traps. The
trap catches have not yet monitored the WHL populations throughout a complete
outbreak cycle. Monitoring is currently continuing. There have been many decision
support systems created for forest pest management, often with mixed success. The
Canadian Forest Service has created a number of hazard rating and decision support
systems (DSS). The Eastern Hemlock Looper Decision Support System (EHLDSS)
successfully predicted the locations of eastern hemlock looper (Lambdina fiscellaria
fiscellaria) outbreaks. However, it tended to underestimate the extent of the outbreak
(Carroll, 1996). This particular model relied heavily upon history of stand defoliation and
proximity to these defoliated stands for its predictions. In addition to other factors such
as changing forest dynamics and stand structure (/bid. 1996), the lack of quantitative
analysis of pre-outbreak looper populations may have been a large factor in the
underestimation of outbreak. Well recognized and quite successful is the susceptibility
and risk rating system for the mountain pine beetle (Dendroctonus ponderosae) . The
hazard-rating component measures the stand age, host basal area, stand density and
elevation to measure the stand’s risk of attack by beetles. Several models are deployed

within this DSS (Shore and Safranyik, 1992; Shore ef al.1996).



Gray et al. (1998) helped create a forecasting system using stand conditions to
predict the occurrence of defoliation by spruce budworm (Choristoneura fumiferana
Clem.). This was also combined with a number of other models, such as growth/yield -
models, spraying benefits etc. to create the Spruce Budworm DSS in New Brunswick,
(MacLean et al., 2000).

Perhaps the most intensively-studied forest defoliator is the European gypsy moth
(Lymantria dispar. L.) and some of the best lessons in the techniques of rating hazard
and risk of defoliation come from the studies of this pest. A great deal of effort and
expense has been put forth in the United States towards forecasting of gypsy moth
outbreaks. It was in many of these studies that geospatial statistical techniques were
introduced as a way of predicting the locations and dynamics of outbreaks. Studies have
achieved some degree of success by interpolating population levels from egg-mass
surveys prior to outbreaks (Gribko et al., 1995; Weseloh, 1996).

Three-dimensional kriging was one of the most logical and initially promising
choices of techniques. Simply put, the process of kriging involved the generation of a
surface based upon point features. In three dimensions, the X-Y components of kriging,
are combined with time to make a predictive assessment of future outbreak locations and
timing. Hohn ef al. (1993) used this technique based upon measures of past defoliation
and egg-mass surveys in the state of Massachusetts. While the post-hoc predictions of the
locations of outbreaks were fairly accurate, the actual timing of outbreaks lagged behind
by a year. In addition, the 2 X 2 km resolution of this study limits its usefulness from an
operational forestry perspective.

In Michigan, Gage et al. (1990) utilized a statewide grid of 2000 pheromone

traps. This was combined with a regression model of predicted trap catches and an



estimation of expected defoliation based upon the number of male moths caught in the
traps. It allowed for the analysis of trends in expanding populations. Such a system
would be difficult and costly to employ where access is both limited and the area to be
monitored is very large, particularly in the absence of the former Forest Insect and
Disease Survey (FIDS), which was disbanded in 1995.

A great deal of work was accomplished using ordinary kriging to interpolate egg-
mass densities across a landscape based upon a network of intensive sampling, and infer
outbreak locations (Liebhold ez al., 1991). These models often failed to perform reliably
(Liebhold et al., 1994). Liebhold and McManus (1991) concluded that L. dispar does not
spread through the immigration of larvae from the loci of attack, but its apparently spread
is actually an artifact of susceptible forest types. It may be that a similar mechanism
exists in WHL as is shown through the simultaneous appearance of widespread
defoliation in different loci. Susceptibility models have been applied to forest inventory
to map forest susceptibility at the landscape level (Gasner ef al., 1993). Liebhold et al.
(1994, 1997) calculated the susceptibility of forests to gypsy moth defoliation using
correlation techniques. These susceptible forests included over 20 species of trees
identified by Montgomery (1991), and were based upon field and laboratory feeding
trials as well as taxonomic affinity. Liebhold et al. (1997) calculated the susceptibility of
those forests stands on the landscape in classes of 20, 50 and 80% of the tree basal area.
Landscape characteristics, particularly elevation, were found to be correlated with counts
of gypsy moth in pheromone traps (Sharov et al., 1997). The spread of this particular
polyphagous forest pest was found to be more closely correlated with forest susceptibility

than with climate (Sharov et al. 1999).



Gribko et al. (1995) used a combination of a kriged egg-mass density surface and
a logistic regression model to define the probability of an outbreak occurring in the
following year at a given location. This was also performed upon a 2 X 2 km resolution.
It was recommended that this model be used to locate areas where finer-scale monitoring
would be conducted to estimate defoliation in individual stands. It was noted that this

method was an improvement upon the 3-D kriging model.

In a sense, both logistic regression and discriminant analysis are suitable
candidates for determining a landscape’s risk of defoliation and answer the same
questions regarding forest susceptibility. Southern pine beetle (Dendroctonus frontalis
Zimm.) outbreaks were described using logistic regression, while accounting for spatial
and temporal autocorrelation (Gumpertz et al., 2000). Varnier ef al. (1998) developed a
climatic-determined risk model for schleroderris disease for pines in Ontario using Dan
McKenny’s climatic surface model and logistic regression. The final model was
parameterized around mean temperature and precipitation from the coldest quarter of the

year.

Using these same climatic data, Roland et al. (1998) noted that long term
minimum temperature for the coldest month, and the predicted growing degree days for
the first six weeks of the growing season are negatively associated with outbreak
duration in forest tent caterpillar (Malacosoma disstria Hbn.). However, forest
heterogeneity accounts for more variation than either climatic variable.

There are many applications outside the realm of forest pest hazard rating that
model the spatial distribution of biological phenomena. Although too numerous to list

them all within the scope of this thesis, an excellent example can be drawn from a study



of the distribution of red-crown crane (Grus japonensis) in China. While taking into
account autocorrelation, it used logistic regression of principal components to simulate
and predict the distribution and spread of this re-introduced species, based upon
presence/absence data of the species (Wang and Tang, 1997). In many ways, this is
analogous to modeling the potential distribution of outbreaks based upon the

presence/absence of defoliation.

1.3 History of Lambdina fiscellaria lugubrosa in British Columbia

The earliest recorded signs of western hemlock looper (WHL) defoliation were
recorded in Vancouver’s Stanley Park from 1911 to 1914 and since that time there have
been 14 outbreaks of WHL in British Columbia (BC) (Table 1) (Harris et al. 1982;

Erickson, 1992; Parfett et al., 1995).

Figure 1. Area defoliated by western hemlock looper in British Columbia, 1911-1995.



Figure (1) shows the extent of outbreaks in British Columbia. A lengthy history
of observation and systematic monitoring starting in the 1940s suggests that these
outbreaks have increased in size, distribution and intensity. However, the use of more
extensive surveillance techniques, particularly the commencement of annual aerial
survey practices in 1960, may account for some of the apparent increase. In the last
outbreak alone (1990-1995), 272 484 ha of trees were defoliated to some extent by
WHL, with over 63 000 ha of trees killed (Borecky and Otvos, 2001). Federal
monitoring of insects and pathogens affecting forest health has occurred since 1912 at
some level (Van Sickle ef al. 2001). At present, defoliation data, including WHL, is
collected by the British Columbia Ministry of Forests through the use of private
contractors. Monitoring of larval and adult populations is handled federally.

Reviews of past WHL activity have shown that outbreaks have occurred in the
wet belts of both coastal (SW) and interior (SE) British Columbia south of 56°N
latitude (Jardine, 1969; Turnquist, 1991; Parfett et al., 1995). Although, not observed in
BC above this latitude, WHL outbreaks have been reported in the Bradford/Bradfield
River area of Alaska, but not on a large scale, indicating a range that extends
considerably farther north, (Crosby and Baker,1966). Smaller outbreaks have been
recorded the Coastal Western Hemlock Biogeoclimatic Zone in BC, on Vancouver
Island, and within the lower Fraser Valley. Earlier outbreaks may have been more
extensive than reported. On Vancouver Island, it was reported that between 1913 and
1914, large areas of hemlock were defoliated and killed by WHL (Allen and Koot,
1974). However, no mapped record of this activity exists. Anecdotal evidence or written
description are the prime sources of information for these earlier outbreaks, particularly

prior to 1949 ( Dennis Clarke-CFS, personal communication; Parfett ef al. 1995).



Recently, WHL defoliation has started and is occurring within the Vancouver Region
watershed, in stands as young as 60 years (Kimoto and Carlson, 2001). Because the
timing of attacks and extent of WHL damage is considerably different between the
coastal and southern-interior areas of BC, this thesis will primarily concentrate upon the

more recent and severely impacted interior region of the Province.

[Outbeak Periods|Location | Size (ha)
11911-1914 SW BC > 100
1925-1927 SW BC 1423
1927-1929 SW BC 4 057
1937-1938 SE BC 36 532
1944-1947 SW BC 13 969
1945-1947 SE BC 89 025
1954-1955 SE BC 45516
1958-1959 SW BC 177
1961-1964 SE BC 2 889
1969-1973 SW BC 300
1972-1976 SE BC 78 491
1982-1985 SE BC 45 438
1987 SW BC 89
1990-1995 SE BC 272 484

Table 1. Outbreak history of western hemlock looper in British Columbia (1911-1995)

The WHL has been responsible for large areas of severe defoliation causing tree
mortality in recent years, notably in the federally-designated forest regions of Nelson,
Cariboo, and Prince George. This spans an area encompassing the eastern and central
regions of British Columbia from McBride, south to Nakusp, and east towards

Kamloops. This area in BC is the focus of our study.



1.4 Hosts of western hemlock looper

WHL outbreaks characteristically begin in old-growth western hemlock (7suga
heterophylla (Raf.) Sarg.), and western red cedar (7huja plicata Donn), within the
Interior Cedar-Hemlock (ICH) Biogeoclimatic Zone. Roughly 80% of the observed
defoliated area from 1911-1995 in British Columbia has been within the Interior cedar
hemlock (ICH) very wet cool (vk), ICH wet cool (wk), and ICH moist warm (mw)
subzones (Borecky & Otvos, 2001; Parfett e al., 1995). During outbreaks, defoliation
can spread into stands that are outside these subzones, and adjacent to previously
defoliated cedar-hemlock stands, (Humphreys, 1994). Defoliation has been noted in
other biogeoclimatic zones, and in tree species such as Douglas-fir (Pseudotsuga
menziesii (Mirb.) Franco), true fir (4bies spp.), western white pine (Pinus monticola
Dougl.), Sitka spruce (Picea sitchensis (Bong.) Carr.), Englemann spruce (Picea
engelmannii Parry), white spruce (Picea glauca Moench), and western larch (Larix
occidentalis Nutt.) among others, including occasional deciduous trees and shrubs
(Cottrell and Monts., 1976; Harris et al., 1982; Parfett et al., 1995).

Overall, outbreaks appear to follow the host species distribution and
consequently are limited to lower valleys and lower slopes upon both sides. Mature
timber with a high proportion of hemlock appears to be the most susceptible (Wyatt,

1946, Borecky and Otvos, 2001).
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Figure 2. Range of Tsuga heterophylla in British Columbia (BCMOF, 2001)

Tsuga heterophylla itself is the primary host for WHL, and is an important
commercial species in both the Pacific Northwest and the northern Rocky Mountain
regions of North America. Its range extends from central California along the British
Columbia west coast and associated islands to the Kenai Peninsula of Alaska, as well as
on the western portions of the U.S. Cascade range. In the interior, it grows on the west
side of the Continental Divide, from Montana in the United States, to north of Prince
George, British Columbia (Hosie, 1969).

Figure 2 shows the range of 7. heterophyllya in British Columbia. Western
hemlock grows best in wetter climates, with frequent precipitation throughout the
growing season. In drier regions, hemlock is confined to wet sites along valley floors,
seepage areas and some north-facing slopes (Packee, 1976). In British Columbia,
hemlock ranges from sea-level to about 1400 metres in elevation (Borecky, personal
observation).

Western hemlock foliage is characterized by short needles, about 10-20 mm in
length. The branches exhibit strong apical control, but with weak apical dominance,

giving the branches a very broad appearance. The mature trees have irregular crowns
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with many internodal branches. Hemlock also exhibits free growth, and continues to
produce sylleptic shoots throughout the growing season (Taylor, 1993).

Old-growth hemlocks are often 100-275 cm in diameter at breast height;
attaining heights of 50-60 metres but occasionally up to 80 metres. Trees typically reach
a maximum of 400 years in age depending on conditions, but usually do not gain in
height after 300 years (Packee, 1976).

Good quality western hemlock is valued by the forest industry for construction
lumber, pilings, poles and railway ties. It has good to excellent pulping characteristics
and is used as a fibre source for the manufacture of paper products in thermo-

mechanical, kraft and sulphite pulps (Packee, 1976; Taylor, 1993).

1.5 Western hemlock looper population monitoring

From as early as 1912 until its dissolution in 1995, the Canadian Forestry Service
operated nation-wide the Forest Insect and Disease Survey (FIDS), although not always
by that official name designation in early years (Van Sickle ez al., 2001). In cooperation
with the British Columbia Ministry of Forests (BCMOF), FIDS conducted extensive
province-wide surveys on the health of the forests in B.C. in each of the six former
federally-designated forest regions: Vancouver, Prince Rupert, Cariboo, Kamloops,
Prince George and Nelson.

There have been two main methods of monitoring WHL populations: ground
sampling and aerial survey. Ground sampling, via egg, larval, pupal and adult moth
censuses examined insect populations including WHL, throughout the Province. This
type of census provided information in times of low, endemic population levels, as well

as during defoliation events.
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There have been various attempts over the years to estimate defoliation damage
from larval numbers. It was estimated in British Columbia that when 40% of all larval
samples collected were positive for WHL, a local outbreak may develop, and that
Interior outbreaks were more severe than coastal outbreaks (Silver, 1962). Harris et al.
(1982) reported that there was a difference between larval levels and notable damage,
when comparing British Columbia’s coastal and interior outbreaks. On the coast, the
average number of WHL per sample could be as low as 2 or 3, and when between 31%
and 34% of the samples in the area were positive, damage would be visible in the
following year. The height of an outbreak on the coast would see at least 39% of
samples positive for WHL. The Interior was less sensitive to larval levels, with at least
64% of samples containing an average of 8 to 10 looper per positive sample, indicated a
probable defoliation event in the following year. During an outbreak year, 81% of
sample plots generally would be positive for WHL larvae in a standard 3-tree beating.
Turnquist (1991) noted a similar difference between coastal and interior areas; however,
he estimated that only 45% of 3-tree beating samples needed to be positive for looper in
the Interior in the year before an outbreak.

Logically, egg-surveys should give some insight into the number of larvae that
will emerge to feed upon foliage. For example, Thompson (1958) estimated that when
egg numbers reached 10 eggs/ 0.5 ft* of bark at mid-crown, noticeable defoliation may
occur the following year. This method of egg-sampling is somewhat more labour
intensive and costly than other sampling methods as it requires the tree to either be felled
or scaled. The FIDS method of egg survey was based upon a count of the average
number of healthy eggs per 100 grams of ‘Old Man’s Beard’ lichen (Usnea barbata L.)

(Turquist, 1991). The projection of defoliating population levels based upon egg surveys
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has been utilized with some degree of success to forecast gypsy moth (Lymantria dispar.
L.) outbreaks (Gribko et al., 1995; Weseloh, 1996). Studies of eastern hemlock looper
(EHL) where the relationship between the number of eggs, the number of larvae, and
then the resulting defoliation was analyzed by regression analysis. This produced
significant equations but with very low R* values (Trial et al., 1991). Even frass
production has been attempted to estimate population levels (Thompson, 1958).

Light traps have been used to census adult populations. In the eastern United
States, black-light (Ultra-violet) traps capturing over 500 EHL moths per night were
noted to be a good estimator of populations high enough to cause visible damage to
foliage in the following year (Simons et al., no date). It is possible to combine light traps
with a pheromone in order to fine-tune catch numbers (Jobin and Coolombe, 1992).

Pheromone trapping of adult WHL is the most effective method for broad-area
population estimates. Consider that 3-tree beatings for larvae, or egg-collection results
are fairly site-specific, and insect density may vary considerably from tree to tree, or
even from base to crown and branch to branch. Pheromone disperses over a wide area
and although it is dependent upon wind direction, dispersal pattern, dosage and other
factors, the broadcast-nature of this method of sampling enables more to be said about a
particular locale rather than a particular tree. It has been shown that trap catches are
spatially autocorrelated at a distance of 4km, and in some cases, up to 10 km (Liang et
al., 1997). There are several reasons that the use of pheromone trapping has become the
chosen method for the monitoring of WHL populations: 1) it allows the sampling to be
less site-specific, 2) it is less labour intensive, requiring about one week to deploy and
one week to collect the traps at the 23 permanent monitoring sites across the Province,

and 3) pheromone trapping requires less expertise and the sampling technique
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experiences less variation than tree beatings or lichen collection for egg sampling
(I.Otvos and N. Conder-CFS, personal communication ; Evenden et al., 1995).

Placing pheromone traps for L. fiscellaria entails baiting a rubber septum lure
with a dose between 10pg of isomeric 5, 11 dimethylheptadecane and 2,5
dimethylheptadecane mixed at a 1:1 ratio. (Evenden et al., 1995). The 5,11
dimethylheptadecane is the most attractive component; however, 2,5
dimethlyheptadecane acts as a synergist. In addition it has been found that 7
dimethlyheptadecane in combination with the other two components increases the catch
by seven times that of traps baited with only 5,11 dimethlyheptadecane (Krannitz, 1992).
The number of male moths caught is a direct function of dose, so that exact care must be
taken when administering the dosage if trap catches are to be compared from year to
year. Varying trap type and pheromone dosage will produce markedly different trap
catches, (Van Sickle, 1994; Carlson, per. comm. 2001). One of the shortcomings of this
method of sampling is that the number of male moths caught in the fall of one year has
not been found to be an accurate predictor of the number of larvae (or pupae) in the
following generation; a key factor to consider as the larvae are the destructive agent.
However, the number of males caught in one generation has been linked to the number
of eggs in the subsequent generation (laid the same year of moth flight) at R* = 0.60
(Evenden et al., 1995). For this reason, any forecasting program based upon pheromone
trap catch numbers, will most likely be a broad-based warning of impending defoliation
when moth catch numbers rise to within a certain range.

Between 1992 and 2002, a network of 23 sentinel traps have monitored looper
populations around the Province. While this network has yet to follow WHL

populations through a complete cycle from endemic levels to outbreak proportions and
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back down to endemic levels, it is anticipated that once data become available from a
complete cycle, this system could be used to forecast impending outbreaks (Liang, 1997,
Borecky and Otvos, 2001). There are currently strong indications of a population in
ascent, however, without signs of visible defoliation or outbreak, trap catch numbers for
the years prior to damage have not yet been determined in order to construct even a
rough guide or warning system (Figure 3). Once adult populations have been followed
through a complete cycle, it will be possible to determine a threshold level that indicates
defoliation in the following year.

One interesting observation from the more recent monitoring efforts, has been
that although trap counts have been up province-wide, the areas that experienced the
greatest mortality in hemlock-cedar stands in the 1990-1995 outbreak of WHL, currently
show some of the lowest catch numbers, particularly in the McBride area (Figure 3).
This could be an indication that regions that have been denuded of host tree stands are
no longer able to sustain population levels at a capacity that could eventually cause
damage. This hypothesis can only be tested as the WHL population completes a full
cycle. However, it underscores the importance of incorporating forest inventory data into

any sort of hazard rating, as host species would intuitively be a key factor to consider.
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Figure 3. Pheromone trap counts for western hemlock looper at 23 locations in British

Columbia, 1992-2001.
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In addition to ground sampling for population levels, damage surveys from ground
and later by air have provided valuable historical information about defoliation events.
The FIDS-produced database includes defoliation records by WHL from 1911-1995, and
contains over 165 digital maps (Parfett ez al., 1995). Much of the early data is based
upon written descriptions of the location of the outbreaks, for example the 1911-1913
outbreak in Stanley Park. FIDS rangers’ annual reports formed the basis of the digital
compilation. Prior to 1960, in the interior of the Province, ground surveys of defoliation
were conducted via automobile, foot, boat, and even on horseback, as well as by the
occasional aerial over-flight. It is entirely probable that these early surveys were not
exhaustive in their coverage of the actual outbreak extent, particularly as road networks
were not as extensive as they are today.

Trees defoliated by WHL take on a characteristic red-brown hue as the needles
of defoliated trees are only partially consumed in many cases. It can be distinguished
from the previous year’s defoliation where affected areas turn grey and the trees appear
threadbare. Affected areas are sampled from the ground to confirm the identity of the
pest causing the damage. From the hardcopy ‘sketch maps’, the data are transferred by
digitization to incorporate each region, and each year into the FIDS database. Although
the total WHL dataset is quite large , the period spanning 1960-1995 is both the most
complete and the most precise data, as aerial surveys can logically capture more area,
providing greater coverage. It may be partially due to this fact that outbreaks seem more
extensive in this time period. For this reason, the 1960-1995 dataset is what we used
initially, although for reasons related to the completeness of the BCMOF forest

inventory, we eventually used only the 1990-1995 outbreak in our final analysis.
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1.6 Life history

It is essential to understand the biology and ecology of the WHL, including host
tree and pest interaction, before embarking upon any form of hazard rating. From this,
clues may be extracted that explain the preference of this pest for one particular area
over another.

The hemlock loopers are a complex of three sub-species, The western hemlock
looper (Lambdina fiscellaria lugubrosa (Hulst), is a subspecies of Lambdina fiscellaria
(Guenee). L. fiscellaria is a widely distributed native species of North America. The
eastern sub-species L. fiscellaria fiscellaria (Guen.), has a range extending from
Newfoundland, through the Atlantic Provinces, New England, Quebec, Ontario and
some of the Lake States. In the west, the sub-species of interest, L. fiscellaria
lugubrosa, occurs in Alaska, British Columbia, Washington and Oregon, particularly in
damper regions with higher rainfall. A third sub-species, L. somniaria (Hulst), the
western oak looper, occurs primarily on deciduous foliage in western British Columbia
and Washington state and is considered to be a host-induced variant. (Raske ef al.,
1986). All three are considered one species due to the lack of differences in genitalic and
other morphological features such as setal pattern of larvae and cremaster structure of

pupae (McGuffin, 1987).
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Figure 4. Life cycle of the western hemlock looper (life stages are not drawn to scale).

1.6.1 Larvae

After overwintering in the egg stage, the first larval instars begin emerging in
May and early June. The larvae are Smm to 33mm long depending upon the instar. Early
instars have a black head with a longitudinally light grey striped body. Upon emergence,
they begin feeding upon newer foliage in the upper crown. The mandibles of young
larvae may not be developed enough to deal with tougher old foliage (Ouellet, 1983;
Carroll, 1999). Later instars are mottled grey-brown with two pairs of dark spots visible
on the dorsal side of each abdominal segment (Jardine, 1969). The larvae are wasteful
feeders, often consuming only portions of a needle before moving onto the next. Later
instars consume both new and old foliage. Feeding continues through six larval instar
stages until mid to late August when the mature larvae pupate. Trees are partially or

completely defoliated in a single season.
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1.6.2 Pupae

Lasting from 10-15 days, the pupal stage of the L. fiscellaria lugubrosa occurs
within the bark crevices on the trunk, on foliage, upon lichens and mosses. The pupal
case is between 11-15 mm in length and is mottled greenish-brown in appearance
(Jardine, 1969; Ostaff et al., 1974.)
1.6.3 Adult

Adult emergence occurs in mid- to late August and the moths fly until October.
Males emerge before females. Upon emergence from the pupal casing, the adults
immediately fly in search of a mate. The adults are light brown to beige in colour with
the characteristic geometrid triangular forewing and a smaller, more rounded rear wing.
The wing-span is about 32 mm for the fore-wings. These fore-wings exhibit two short-
axis wavy lines that run parallel to the body. The rear wings have only one wavy line
(Jardine, 1969). The moths fly from mid to late August right into October. The greatest
mating success is between two to four-day old males and with females up to four days
old at a 6:1 male-female sex-ratio (Ostaff ef al., 1974). There appears to be a mating
threshold temperature of 20 to 21°C. Mating tends not to occur mid-day under
conditions of continuous light, but around dusk or in shaded or partially shaded
conditions. L. fiscellaria fiscellaria appears to have a peak flight period one half hour
after sunset, in evening temperatures above 4°C, with a second peak flight period around
midnight. The majority of WHL flight ceases at dawn. Flight activity occurs in stands
with a live canopy at least 3 m above the ground. Observations of between-stand
dispersal occur very rarely (Raske and Farrell, 1986). Krannitz (1992) observed daily

moth flight to begin one hour after sunset, with peak flight periods between two and
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seven hours after sunset depending upon temperature and weather conditions. Heavy
rains, high winds, and adverse weather conditions tend to disrupt moth flights and
mating activities. Lower temperatures increase the length of the adult stadium and the
number of eggs laid. Temperatures below 12.5 °C appear to reduce oviposition
(Thompson, 1956; Jardine, 1969; Erickson, 1984; Koot, 1994). These factors ought to be
considered when examining climatic and weather variables for inclusion into the first
stage of our hazard rating model that distinguishes valleys at risk from valleys not at
risk. Conclusions drawn from our results should incorporate some of the life history
mentioned above to draw a biological connection to the findings.
1.6.4 Eggs

In L. fiscellaria lugubrosa, oviposition occurs between September and
early October, with eggs being laid primarily on strands of lichens such as ‘Old Man’s
Beard’ (Usnea barbata), ‘Black Moss’ (Alectoria spp.), and beneath flat lichens
(Pamelia spp.) on the branches and trunks of trees (Campbell, 1946). The number of
eggs laid are positively correlated with the pupal weight of the female (Thompson,
1956). The number of eggs laid per female has been observed to be between 1 and 177,
with an average of 58 (Hopping et al., 1938). The eggs are about Imm x 0.75mm in size,
smooth in texture, ovoid in shape and pale gray-green to brown in colour (Figure 4). In
L. fiscellaria fiscellaria, Jobin and Desaulniers (1981) observed that 98% of eggs were
laid on host trees, primarily within or beneath lichens, and the remaining 2% laid on old
logs, stumps etc. Both host tree and lichen play an important role in ovipostion. On
Anticosti Island, it was observed that the lichen preferred by looper were positively

associated with stand age and density (Laflamme et al., 1979). The looper eggs
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overwinter and larvae emerge to commence feeding in the spring. For L. fiscellaria
fiscellaria species, larval emergence and development have been observed to be closely

related to the accumulation of degree days above 3° C (Hartling and Carter, 1993).

1.7 Natural predators, parasitoids, and pathogens of Lambdina fiscellaria
lugubrosa.

When exploring bio-physical variables that may explain the presence or absence
of the WHL population fluctuations, or outbreak-levels of WHL, the life history of
agents controlling looper numbers are of interest. Predators, parasitoids and pathogens
have long been implicated in the decline of looper populations from high levels (Jardine,
1969; Van Sickle, 1995). There is little information on the mechanisms that limit the
WHL’s population . It is entirely possible that a fine balance exists between
parasitoids/pathogens, and that looper fecundity keeps the populations at endemic levels.
Similar or related to the concept of a ‘climatic release’, negative changes in the
abundance or success of looper-targeted attacks within parasite/pathogens may allow
temporary relief from this natural process of population suppression. This would allow
the population to increase exponentially over a few generations and lead to outbreak
conditions; a situation that would remain until the natural control factors catch up and
once again suppress the pest population. While the individual life histories of most WHL
pathogens and parasitoids are not described in detail, the species themselves are
presented as agents of population control for the WHL. A large body of this research
has been conducted on the eastern hemlock looper. Since the two species are so similar,

it seems reasonable to draw parallels with similar control agents, particularly if the



23

agents are closely related or the same in the two locations. It is expected that the results
of our discriminant analysis technique may present opportunity to draw physical
landscape and host relationships to these particular agents.

1.7.1 Predators and parasitoids

The role that avian predators play in the control of Lambdina populations is not
well documented. Otvos et al. (1973) reported that numerous species of birds have been
reported to prey upon Lambdina fiscellaria fiscellaria in Newfoundland. However,
parasitoids play a more important role in the population dynamics.

Micro-parasitoids such as nematodes and protozoans are a potential source of
pressure upon the looper population. L. fiscellaria fiscellaria have been shown to be
susceptible to the effects of the nematode Heterorhabditis heliothidis, and larvae were
killed via this predator at a laboratory-controlled temperature of 24°C (Finney and
Bennet, 1984). Microsporidia protozoans also have been found in looper populations
within British Columbia (Morris, 1983). In New Brunswick, a gregarine protozoan
parasite has been found to occur frequently in L. fiscellaria fiscellaria, infesting 50% of
larvae in 1993 and 80% in 1994, in sufficient abundance as to cause blockage of food
within the gut (Lucarotti ez al., 1994). Smirnoff discovered the presence of a Nosema sp.
protozoan reduced the WHL population in Quebec (Smirnoff and Jobin., 1973).

Parasitoids of WHL, attack the egg, larval and pupal stages and have the ability
to affect population levels of this insect. Parasitism by dipterans is more prevalent in the
larval stages. Parasitism by hymenopterans is most common in the egg and pupal stages
(Turnquist, 1991). Egg parasitism by Telenomus sp.(dalmani Ratz.) and Trichogramma

sp. (minitum Riley), has been found in 30% to 80% of eggs laid, and this was thought to
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cause the decline of the 1947 outbreak of WHL in British Columbia (Campbell, 1946a;
Campbell 1948b). During 1984, in the Pacific region of British Columbia, it was
suspected that egg parasitism was the major reason that WHL population numbers did
not increase. Egg parasitism was estimated at 38%. Parasitism may work in conjunction
with other factors and need not be very high to have an impact on the decline of an
outbreak (Van Sickle, 1994). During the 1990-1995 outbreak in BC, egg parasitism
sampled in 1993 at 34 locations averaged 21%; the outbreak declined in 1994.
Conversely, over many outbreaks in the Vancouver, Nelson and Kamloops areas, the
decline of the outbreaks can be attributed to egg parasitism that reached as high as 80%
in some cases (Van Sickle, 1995).

Larval parasitism occurs when an egg is oviposited by a parasitoid within the
WHL larvae or upon the cuticle. As incubation and hatching occurs, the parasitoid larvae
feeds upon its living host and eventually emerges having killed the host. Tachinids are
most often implicated with this type of parasitism in larval Lambdina sp.. Principal
larval parasitoids include: Winthemia occidentis (Reinhard), Zenilla virilis, and
Chaetophlepsis nasellensis (Reinhard), (Hopping ef al., 1938; Medley and Carolin.,
1977; Otvos et al., 1973; Wyatt, 1946).

Pupal parasitism also occurs commonly, as the looper is in a vulnerable life stage
at this time. A wide variety of ichneumonid parasitoids attack the WHL, including:
Apechthis ontario (Cress.), Apechthis pacificus, Itoplectis conquisitor, Itoplectis
quadricingulata (Prov.), Pimpla pedalis, Pimpla aquilona, Aoplus cestus (Cresson), and
Aoplus velox occidentalis (Harr.)(Bradley, 1993). During field collections and

subsequent laboratory rearings in Alaska, the most abundant ichneumonid parasitoids
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were the Aoplus velox occidentalis (86%), Pimpla pedalis (5%), Pimpla aquilona (3%),
and Apechthis ontario (3%) (Torgersen, 1971). These insects may yield valuable clues
as to why outbreaks occur where they do, despite the fact that the looper is endemic in
many areas that have never displayed outbreak-level defoliation.

Cooler, damper climatic conditions may be one factor regulating parasitoid
populations. Although such conditions may still be within the tolerances of many of the
regulating parasitoids, they may affect parasitoid populations in non-lethal ways.
Humidity has been shown to be a significant factor in oviposition. Experiments on
females of both Apechthis ontario and Itoplectis quadricingulata using Galleria
mellonella (L.) as a host, have shown significantly fewer progeny at 100% relative
humidity than at 62% relative humidity (Ryan, 1974). This serves as an example of how
climatic conditions may indirectly be responsible for allowing WHL populations to rise
in humid areas as compared to regions that are drier and more favourable to the

parasitoids.
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1.7.2 Pathogens

Looper populations are known to be adversely affected by fungal, viral and
bacterial agents. In accordance with classical population dynamics there have been
several models describing the host-pathogen relationship in forest insects (Andreson and
May, 1980). Generally as the host density increases, so does the rate of spread of the
pathogens among the host species.
1.7.2.i Fungi

Fungal pathogens have been attributed to the partial decline of looper
populations (Van Sickle, 1994). Entomophthora sp. appear to be the primary fungal
pathogens of Lambdina fiscellaria lugubrosa, particularly E. egressa and are cited as
being an important natural control factor of this insect (Turnquist, 1991). In the eastern
hemlock looper, E. sphaerosperma, E. conidia, Entomophaga aulicae and
Aureobasidium pullulans are common in the larvae of collapsing populations, causing as
much as 28% of the larval mortality (Otvos et al., 1973; Hudak et al., 1988; Hartling
and Carter, 1993). During the 1966-1970 outbreak in Newfoundland, two fungal
species, E. sphaerosperma and E. egressa were credited with the collapse of the
outbreak. Tests conducted on larvae of L. fiscellaria fiscellaria injected with protoplasts
of Entomophaga aulicae found that higher relative humidity and temperatures produced
the shortest time until larval death and the highest conidia production (McDonald and

Nolan, 1995).
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1.7.2.ii Viruses

Nuclear polyhedrosis virus (NPV) causes significant mortality in both L.
fiscellaria fiscellaria and L. fiscellaria lugubrosa populations, and is noted as a major
factor in reducing populations during outbreaks (Cunningham, 1970).

Resistance to NPV does not increase in the 2-4™ instars. The efficacy and period
from ingestion to death varies and is affected by a number of factors including: the
concentration of the virus, temperature at which it is applied and ingested, as well the
virus’ exposure to ultraviolet radiation. (Cunningham, 1970; Morris, 1971) Since
temperature is a factor in the rate and degree of mortality as well as the percentage of
mortality, viral success in warmer regions may actually control looper population

development and cause greater mortality than in colder regions.

1.7.2.iii Bacteria

Bacteria do not appear to play as large a role in L. fiscellaria mortality as other
forms of natural control. There are numerous forms of natural soil-dwelling Bacillus
species, in particular Bacillus thuringiensis (B.t.) that have been implicated in looper
larvae mortality, (Elgee, 1963; Heimpel and Angu, 1959; Krieg and Langenbruch,
1981). Although we are interested in natural control factors that may influence WHL
distribution, Bt has been successfully introduced as a control method, and this topic will

further be explored in the Discussion section of this thesis.
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1.8 Abiotic influence-weather

Although this thesis does not aim to explain temporal patterns of WHL
outbreaks, it would be remiss not to examine some of the weather patterns that may
influence the activity of looper population in addition to the climatic characteristics. It is
important to distinguish between the climatic influence that governs the spatial
distribution of WHL populations and outbreaks, and weather that may partially
contribute to the temporal patterns of population variation. Climate may play a large role
in determining where core looper populations occur. Climate obviously has direct links
with host and WHL distributions; however short-term fluctuations in weather conditions
may provide the catalyst for a rise or a collapse in these locations. The following
literature is based upon observations of populations and the weather that precedes the
onset of an outbreak and the collapse of the outbreak.

Several aspects of weather may affect the looper’s ability to overwinter, initiate
feeding, pupate and mate. Otvos (1977) noted that outbreaks of EHL were preceded one
to two years by higher than normal temperatures and lower than normal precipitation.

Overwintering mortality is certain to play a role in the population dynamics of
the WHL. In samples of EHL, overwintering mortality in Newfoundland averaged 45%,
58%, 65% and 2% (from various years of sampling) when comparing eggs collected and
reared in the fall against those collected and reared in the following spring. The degree
of egg mortality was inversely related to the deviations from long-term normal winter
temperatures (Otvos, 1977).

Larval development is adversely affected by cool wet weather in that hatching

success, development and survival are hindered (Otvos, 1977; VanSickle, 1995).
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Moth flight and mating are known to be affected by adverse weather conditions.
Heavy rains affect flight, as do high winds (Jardine, 1969). It has been noted that the
amount of rain in September is negatively correlated with WHL outbreaks in B.C.
(Thompson, 1952).

Possibly one of the most important features of a population’s ability to increase
is larval survival rate. Synchronizing larval hatching with budflush is crucial to the
WHL’s ability to initiate feeding (Carroll, 1999). Baltensweiler (1993) noted that cooler
temperatures tend to synchronize egg hatch so that it occurs over a shorter period.
Warmer temperatures spread the hatching out. This may have the effect of de-stabilizing
the synchrony with bud-flush in warmer areas, or affecting survival rates of emerging

larvae.

1.9 Damage and socio-economic impact of defoliation

1.9.1 Overview of damage

Defoliator outbreaks have the potential to cause serious socio-economic losses to
affected regions. The most apparent impact is upon timber supply and wood quality,
although there are also tertiary effects on tourism and recreation. There are costs
associated with disrupted timber management plans, a sudden over-abundance of a
particular timber type derived from the salvage operations and undesirable succession
from a management perspective. Non-lethal growth reduction may incur costs for years
to come after an outbreak (Bowers, 1993). From a forest-management perspective, there
is also the longer-term implication of the effects of defoliation on the preservation of

biodiversity.
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Losses from defoliators make up a substantial portion of the total annual
unsalvaged timber, particularly in outbreak years. During the height of the looper
outbreak and subsequent years, defoliator losses made up to 58% of the total annual
unsalvaged loss, or approximately three times more than losses from fire; the next
closest agent of disturbance (Table 2), (BCMOF, Kamloops TSA, Timber Supply
Review, 1998). Losses on mid-seral stands could also be significant because although
the trees are not yet merchantible, there can be large effects on yield at harvest. The
extent of damage from WHL highlights the need to identify potential areas of defoliation
in order to estimate possible mortality and establish a proactive management approach to

minimizing the amount of unsalvageable loss.
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Table 2. Annual unsalvaged loss in the Kamloops Region based upon the 1998 timber

supply review.

Cause of Loss Annual

unsalvaged Loss
(m*lyear)*

Bark Beetle 3 900
Defoliators 36 130
Windthrow 9 250

Fire 12 210
Misc. (flood, etc) 1100
Total 62 590

* based upon (1993-1998) on operable FC-1 lands

It is apparent that after defoliation occurs, trees may die as a direct result of
defoliation or as a result of their weakened state that allows them to succumb to
secondary pests and/or pathogens. Mortality can occur up to 4 years after a defoliation
event (Humphreys, 1993). It is quite often that the mortality accelerates due to the
increased activity of secondary insects. Some common secondary pests are the borers,
Cerambycidae such as Tetropodium velutinum as well as the bark beetles,
Pesudohylensinus tsugae, Dendroctonus pseudotsugae, Dendroctonus rufipennis
(Kirby), Dendroctonus obesus, Dryocetes septentrionis and Ips concinnus (Kinghorn,
1954, Englehardt 1953). Mortality is greatest in pure hemlock stands compared to mixed
stands (Kinghorn, 1954).

The percentage of stand mortality has been predicted from defoliation at the
height of mortality. Kulman calculated that 80-90 % defoliation caused 65-78%
mortality, whereas only 10-25% mortality occurred when stands were defoliated 50-
75%. In Washington, after 70% defoliation, over 60% of the hemlock trees died within

three years (Kulman, 1971). More recently and with greater precision, the percentage of




32

stand mortality was calculated by Alfaro e al. (1999) as a quadratic fit of the maximum
percentage of defoliation in the stand at the height of the outbreak. Combined with a
hazard-rating or a prediction of the locations of outbreaks, this information can be very
valuable in projecting losses from defoliation events and aiding in the overall planning
and management of timber supply areas.

1.9.2 Biodiversity issues

Large looper-killed areas may have historically been large scale natural
disturbance events, similar to forest fires and other landscape disturbances. WHL-
induced mortality can be viewed as one of a number of the renewal processes in a forest,
and may have actually served to increase the level of biodiversity by increasing the
complexity of the landscape. It would have served as a successional agent to produce a
variety of seral stages.

Competing interests from logging, recreation and various other uses now requires
some form of forest management in order to balance these various conflicting objectives.
Large scale disturbance events can disrupt this balance and are generally viewed as
damaging forces that require mitigation. These interior temperate rainforests tend to
experience large-scale disturbances somewhat infrequently, rather they experience
smaller-scale disturbances that create more of a fine-grained mosaic (Lertzman et. al.
1997).

The Biodiversity Guidebook, a portion of the Forest Practices Code of British
Columbia Act, gives guidelines for the retention of old growth forest. The ICH wk, vk
and mw biogeoclimatic subzones in which the WHL occurs most severely, are primarily

natural disturbance type-1 (NTD1) and type-2 (NTD2). NTDI1 are rare stand-initiating
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disturbances with an average return time of 250 years, or NDT2 are infrequent stand-
initiating disturbances with an average return time of 200 years (BCMOF, 1995). Table
(3) shows the percentage of forested area that is recommended to be left in order to
maintain the BCMOF objectives of preserving biodiversity.

Table 3. Recommended seral stage distribution under two natural disturbance types
within the ICH wk, vk, and mw sub-zones.*

Seral Stage Early (<40 years) |Mature (> 100 years) + Old Old (> 250 years)
Priority Low| Intermediate | High | Low |Intermediate| High | Low |Intermediate| High
Natural N/A <30| <23 >17 >34 >511 >13 >13 >19
Disturbance
Type-1
Natural N/A <36| <27 >15 >31 >46 >9 >9 >13
Disturbance
Type-2

* Adapted from Biodiversity Guidebook, Forest Practices Code of British Columbia
Act, 1995.

One obstacle forestry managers face in maintaining biodiversity targets is that
infestations such as WHL attacks can devastate large portions of old growth. If the
damaged area lies within a region that has been retained to meet biodiversity
requirements, then it is a threat to these objectives within the context of a managed
landscape. Defining areas at risk for attack by WHL may help to anticipate shortfalls in
conserved seral stages and to alter harvesting schedules to accommodate the needs of
salvage operations. Rather than having rigid harvesting plans, perhaps larger portions
could be set aside as ‘grey’ areas which would allow a more flexible approach to
managing the landscape to buffer the effect of widespread looper damage. Also it could

incorporate looper-affected stands (i.e. structured stands) into the landscape mosaic.
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2 Materials and methods

2.1 Definition of sample groups or outcomes

It is important that the groups we are exploring are unambiguously defined.

They are as follows:

AU- adjacent undefoliated. This group contains stands that are located within the
ICH-wk, vk, or mw biogeoclimatic sub-zones and within the same continuous valley
as where a defoliation event has occurred but were not themselves defoliated in the
1990-1995 outbreak. Identifying stands belonging to this group are of interest
delineates stands not yet affected within a valley that is at risk. Knowing the
characteristics of this group may aid in reducing the overall risk of attack upon a

landscape.

L- Loci of defoliation. This group contains stands where defoliation has occurred
within the first and second year of the 1990-1995 outbreak. Identifying potential loci
is an important step in the placement of sentinel traps and initiating efficient site-

specific damage control.

D- Subsequent defoliation. This group contains stands that were defoliated after the
first two years of the 1990-1995 outbreak. These are all other defoliated stands

except the loci.
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e UV- Undefoliated Stands in Undefoliated Valleys. This group contains stands that
are located within the ICH-wk, vk, or mw biogeoclimatic zones, but are not
considered at risk by virtue of never having been defoliated within the 1960-1995
aerial survey period. If large areas such as entire watersheds can be excluded by
virtue of possessing little or no risk, it will result in better allocation of resources
both during monitoring and conducting control operation during an outbreak.

The scale at which an accurate hazard-rating system can be constructed is a
critical component of this study. The dataset was classified according to four potential
outcomes for a stand within the ICH biogeoclimatic subzones that are considered at risk.
The data are stratified first at the watershed level and then at the stand level. Figure 5 is

a conceptual model of how the sampling units (stand centroids) are organized by group.

Uv DV

AU |

| Stand Scale
Watershed Scale

Figure 5. Conceptual model of sample groups

In grey are the defoliated groups. The watershed scale groups are undefoliated
valleys (UV), and defoliated Valleys (DV) . Within DV are adjacent but undefoliated

stands (AU), loci of outbreak (L) and defoliated stands (D).
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It is important to determine the scale at which defoliation susceptibility can be
detected. Examining the differences between defoliated loci and undefoliated adjacent
stands is critical to assessing the potential for future defoliation within never-defoliated
stands. We wish to find out if unaffected stands exhibit definitive characteristics that
render them less vulnerable to attack, or if it is simply a matter of stochastic chance that

they remained undefoliated before the Lambdina population collapsed.

2.2 Two step hazard rating method

A two-step method is necessary in order to accomplish the process of rating
forest stands for the risk or hazard of defoliation by WHL.
2.2.1 Step One: Distinguishing between valleys at risk for defoliation

In the first step, defoliated valleys (DV) containing the loci of defoliation (L),
subsequently defoliated (D) and adjacent undefoliated stands (AU), were distinguished
from UV where defoliation had not occurred.

Coarse scale data, including climate surface data, and elevation were utilized
within this first step in conjunction with forest cover data. Climate variables were
explored with specific reference to their influence on the looper’s life cycle, the role that
they play in with regards to epizootic conditions and/or upon parasitoid abundance.

A dichotomous answer emerged from this analysis that determines if the valley in
question is at risk or not. If the valley was type UV, then the process has shown the
stands within it to have a low hazard and no further analysis was conducted. If the valley
was determined to be type DV, then a second stage of discriminant analysis was

performed.
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2.2.2 Step Two: Distinguishing between stands in valleys at risk for defoliation.

If the valley was determined to be at risk, (i.e. it contains adjacent undefoliated
stands, loci, and/or subsequent defoliation), the second discriminant analysis was
performed upon the site using forest cover data in order to arrive at a function that best

placed the site into an appropriate category.



38

2.3 Overview of rationale and study area

The location for this study is the southern-interior of British Columbia, Canada

(Figure 6). This includes portions of the forest-regions of Prince George, Kamloops,

Cariboo and Nelson.

P f

Western Hemlock Looper
Defoliation 1990-1995

Total Defoliation: 272 000 ta

Mortality: 63 000 ha
50 0 50 100 Kilometers

P —

Figure 6. Location of study area and most recent outbreak (1990-1995).

Although outbreaks have taken place both in the coastal and interior regions of
the Province, the interior was chosen for the following three reasons. First, the last
outbreak (1990-1995) was the most extensive in the Province’s history, and therefore

provides the best coverage. Second, since defoliation has been recorded in BC, markedly
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different outbreak characteristics have been noted between coastal regions, (less
extensive outbreaks), and the interior where outbreaks tend to occur over large areas and
thus are more of a concern.

Third, an essential reason for choosing this time period (1990-1995) is due to the
sampling constraints on available data. The available forest cover data is dated 1993, and
is representative of 1990-1995 outbreak. This is an important component of the study as
forest cover information and the structure of forests changes over time due to natural
growth, disturbance etc. In order to obtain forest cover characteristics representative of
the conditions during an outbreak, we are constrained to one particular period in time.
This should be considered when interpreting the final results, however, since outbreaks
are observed to take place within similar locations over time and lie primarily within the

Interior-Cedar Hemlock biogeoclimatic zones, the use of the largest and most extensive

outbreak recorded in history should be acceptable for our purposes.

- Looper Outhreaks
& |:| Interiar Cedar
Hemlock (ICH)

- Nonhost
Biogeodimatic Tones

Figure 7. Western hemlock looper outbreaks compared to biogeoclimatic zones
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Although the study area initially appears to be quite broad, in reality the focus was
confined to areas within the Interior Cedar-Hemlock biogeoclimatic zones. Figure 7
shows western hemlock looper outbreaks in relation to biogeoclimatic zones. It is
obvious that the outbreaks follow host-species distribution quite closely. In fact, over
90% of the total area of the last outbreak, (1990-1995) occurred within three subzones of
the Interior-Cedar Hemlock: very wet and cool (ICH-vk1), wet and cool (ICH-wk), and
moist warm (ICH-mw). When comparing the entire defoliation history of WHL from
1911 to 1995, 80% of defoliated area occurs within these three subzones, even when
considering the coastal outbreaks (Appendix 1.) Outbreaks have occurred in other
biogeoclimatic zones, particularly ESSF (Englemann Spruce- Subalpine Fir) and SBS
(Sub-Boreal Spruce). This may be due to a number of factors including transition zones
between host and non-host biogeoclimatic zones, mapping analysis error introduced by
differences of scale and precision between defoliation sketch maps, and the
Biogeoclimatic information, and spill-over from intensively defoliated host zones into
adjacent non-host stands. For this reason, stands within the main three biogeoclimatic
sub-zones are primarily considered at risk and will be the focus of both the watershed

and the stand-level analysis.

2.4 Hardware and software

An extensive Geographic Information System (GIS) is already in place at the
Pacific Forestry Centre. Most GIS analysis has occurred using the Environmental System
Research Institute’s (E.S.R.1.) software program ARC/INFO, (version 7.0). Display and

map production was performed using ESRI’s Arcview (version 3.1). Forest Information
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and Planning File data resides in an ORACLE relational database. Statistical analyses
were performed using both SAS and SPSS software. Graphs were plotted with SPSS.
Spatial autocorrelation analysis utilized GS+. With the exception of SPSS and GSPLUS,
the software resides on a UNIX network operating on a SUN Sparcstation platform. Data
is stored on a RAID system disk. The UNIX system is accessed via X-emulation
software: Hummingbird’s EXCEED. This runs via a Windows 98 platform, on a Digital
PIIT 900Mhz personal computer. Hard copy maps were plotted via HP DesignJet 755CM

plotter.

2.5 Digital data
As this project is an exploratory exercise aimed at utilizing existing data to

characterize risk, one of the most important steps has been to research and collect
accurate digital data. It is also important to recognize its limitations. Digital data, and in
particular, electronic mapping information have the potential to contain many sources of
error: sampling error, equipment calibration, transformation error, classification error,
machine precision, digitizing error, errors of scale, compounding, etc. Some of the main
obstacles in obtaining data for this project were: data at differing scales and formats, the
precision of data, lack of existing data, and limited temporal coverage. The precision of
data has been noted subject to its availability, the accuracy of such data is a more
difficult task to determine. Steps have been taken to ensure that the degree of error is
minimized either through sample size or through various sampling techniques.

The spatial data were converted from their original formats into Arc/Info and

transformed into a Lambert projection; the standard utilized for BC-wide data by the



Pacific Forestry Centre. All projections have certain compromises inherent when

projecting a three dimensional sphere into two planes. Considering the extensive map

overlaying and as Lambert preserves the shape of a map there is less misclassification

error introduced with the use of Lambert than with other projections, even though area

may be distorted. See Appendix 2 for the Lambert projection parameters used in this

study.

2.5.1 Data summary

Table (4) below gives an overview of all the data used in this study.

Individual variables were derived using these data.

Table 4. General Data Summary

Data Scale

Source

Western Hemlock Looper Defoliation data | 1:50 000 to
(1911-1995) 1:100 000

FIDS-Canadian Forest
Service 1996

Forest Inventory Planning Files (attribute) | 1: 20 000 BCMOF 1996

/Forest-Cover (FC-1) (spatial)

Biogeoclimatic Zones of British 1:50 000 BC Ministry of

Columbia. Environment Lands and
Parks

Watershed Atlas of British Columbia 1:50 000 BC Ministry of
Environment Lands and
Parks

PRISM Climate Surface 4000 metres | Oregon State University

Canadian Digital Elevation Data (CDED) | 100 metres

Centre for Topographical
Information (CTI) and
Canadian Forest Service

(CFS)
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2.5.2 Western hemlock looper defoliation maps

The digital defoliation maps of WHL form the basis for determining
which forest cover stands were either defoliated or undefoliated in the three host
biogeoclimatic subzones of interest. WHL defoliation data was recorded during aerial
surveys in late summer after insect feeding was completed. Survey from fixed-wing
aircraft was accomplished by sketching defoliated areas onto 1:100 000 or 1:250 000
scale maps, with an estimated 200-300 m positional accuracy for the defoliated polygons
(Bob Erickson NRCAN-CFS-Pacific, personal communication). Severity classes were
assigned to the defoliated polygons based upon the amount of observable damage (Table
5.

Table 5. Defoliation Severity Classes

Severity |Class |[Foliage Loss
Light 11<25%
Moderate 2|25-65%
Severe 31>65%

Dead 4|N/A

(Adapted from Parfett et al., 1995)

The FIDS rangers digitized and classified by defoliation severity, the annual
aerial survey maps of defoliation since 1985. Sketch maps from regular aerial surveys
starting in the 1960s were also digitized. In addition, 1911-1940s verbal reports were
interpreted and digitized, although the accuracy of this early data is unknown. It appears
that the data between 1930s and 1950s were a mix of verbal reports and non-systematic
aerial surveys (Parfett et al. 1995). The construction of this database was part of a project

prior to this thesis.



44

The defoliation data for the purposes of this study were treated as simple
presence or absence data rather than by defoliation severity. If there are apparent trends
in the types of stands being defoliated, they should be detectable using only presence or
absence.

2.5.3 Forest Information Planning Files and Forest Cover Spatial Data (FIP/FC-1)

The forest cover information forms the primary set of variables of interest. As
the most detailed and large-scale data we are looking at, the data contains an extensive
array of biological information regarding forest stands. While not as accurate as ground
plots, the volume of information and the aeral coverage provides a unique opportunity to
examine the broader trends in forest stands affected by western hemlock looper
defoliation. Sampling and collection inaccuracy and precision is offset by the ability to
sample a large number of stands. In addition, forest cover data is a primary source of
information that forestry managers use to make decisions. Other advantages are that this
data is widely available thus new predictive models will not require extensive additional
data collection.

Forest inventory data collection and interpretation is a very lengthy and complex
process, with a stringent set of quality control standards in place. The forest-stand
variables are drawn from air photo interpretation and ground-truthing of this data. It is
important to understand that although air photo interpreters are well trained and certified
within British Columbia, interpretation may still vary somewhat among interpreters as
well as between transfer methods. The air photo data is collected in the following

fashion.
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Forest and non-forest types (polygons) are stratified through the interpretation of
mid-scale aerial photographs (1:20 000 approx.), supported by field information. Some
of the data are actually interpreted from 1: 5 000, 1:10 000, 1:15 800, or 1: 31 680 . The
resultant forest cover types are then transferred from the photographs directly into the
digital design file using one of the following methods:

1. First order plotter (Kail or epidiascope).
2. Monorestitution.

3. Ortho photo transfer.

Appendix 3 outlines the standards for accuracy and precision where available, for the
main forest cover variables utilized in this study. A more detailed explanation of the

specific variables used takes place in the statistical processes section of the methods.

2.5.4 Biogeoclimatic Zones

The Biogeoclimatic Ecosystem Classification (BEC) of British Columbia was
pioneered and constructed by the late landscape ecologist, Vladimir Krajina and his
students in the 1960s and early 70s. From 1976 onwards, the BC Ministry of Forests
began data collection and classification for the entire province; a process that continues
to be updated to this day (BCMOF, 2001). Although not as detailed a dataset as FIP/FC-
1 data, they represent one of the single most useful tools in classifying and managing
landscapes. Biogeoclimatic data are stratified into zones, subzones, and variants
(phases). There are 14 zones in British Columbia, representing the climax or late seral

stage species found within a large homogenous area exhibiting a specific macroclimate.



46

Sub-zones are delineated by using indicator species and plant associations or
occurrences on a site. Subzones may include differences in proportion and vigour of
certain indicator species, or variations in successional development, and are indicative of
the variations in climate (cooler, warmer, wetter, drier) within that particular zone.
Variants (Phases) are subzones further stratified by unique topography, aspect, or
climatic pockets and are usually referred to as a specific location. The exact
methodology is a complex hierarchy of plant orders, plant alliances, associations and
sub-associations (Krajina, 1965; Pojar et al. 1987). For the purposes of this study, BEC
delineates the main location of WHL’s primary host species, the western hemlock
(Tsuga heterophylla, (Raf.) Sarg.), within the Interior Cedar-Hemlock biogeoclimatic

zone.

2.5.5 British Columbia Watershed Atlas

Although the actual watersheds did not provide any attribute data used in
the analysis, it was necessary to have a standardized method of delineating valley
boundaries for the first stage of analysis. Before forest managers begin an evaluation of
stands that are at risk within their regions, it is important to know if a particular valley
(watershed) is at risk. In order to perform a valid statistical analysis, the sampling units
should follow some standardized rule and be both repeatable and identifiable. The BC
Ministry of Environment Lands and Parks, Fisheries Branch (circa 1998), has produced
a watershed atlas of British Columbia. Watersheds are delineated via a system of
modeling that takes into consideration the lands (to the height of land) drained by a

specific size stream or river including all feeder channels based upon aquatic features
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from NTS 1:50 000 scale maps. The form of these data is simple for the purposes of this
study. In order to delineate the concept of a “valley at risk’, a valley was defined as
being a third order watershed or higher. Such a valley would include all class three
streams and lower to the confluence of a higher order stream. It should be noted that this
is a hierarchical system whereby third-order watersheds contain second-order
watersheds, and fourth-orders contain third (BC Ministry of Environment, Lands and
Parks and Spatial Vision Consulting, 1998). Higher order watersheds were used if these
watersheds did not contain any third order watersheds. This would include large river
valleys such as the Thompson River or Upper Shushwap.

Third order watersheds formed continuous polygon coverage for all areas
of interest. For a watershed to be considered a ‘defoliated’ watershed, only one forest
stand had to be defoliated within that polygon.

Very large (usually 4" order) watersheds presented somewhat of a problem.
There was one exception in the Upper Shushwap watershed, where a very small patch of
defoliation (142 ha) occurred at the northern boundary of the watershed, caused the
entire length of the watershed to be classified as defoliated. Considering that the
defoliation occurred within the first 5 km of a 135km long watershed, and on the shared
boundary of a heavily defoliated watershed, it seemed improper to classify the entire
Upper Shushwap as falling into the defoliated valley category. It was judged that as a
whole, the watershed had not experienced defoliation. Other than this particular case,
undefoliated watersheds were defined as not having had defoliation between 1911-1995.

Defoliated watersheds were those that had experienced defoliation between 1911-1995.
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It was initially planned that some watersheds prior to the start of the 1990
outbreak would be excluded entirely from the analysis on the grounds that there was no
forest cover data prior to 1990. However, since the last outbreak was so extensive, all

watersheds that were positive for defoliation were included in the analysis.

2.5.6 PRISM climatic data

From looking at the defoliation data, it was apparent that large segments of the
ICH biogeoclimatic zones do not get defoliated; a consistent trend over time. Defoliated
areas occurs within the same general area, although not consistently in the same places.
As these defoliation patterns occur over a large area, utilizing a climate model appears to
be the best way to initially isolate large areas at risk for defoliation from those that are
not. Climate surface data is used in conjunction with watershed data for the coarse scale
assessment of watersheds that exhibit a tendency to be defoliated by WHL.

Two groups have constructed Canadian climate models. One model called
ANUSPLIN has been created by D.W. McKenney of the Canadian Forestry Service in
Sault Ste. Marie, Canada (Mackey et al. 1996).. The other model is called PRISM and
was created by Christopher Daly of Oregon State University, U.S.A. (Daly et al. 1994,
Daly et al. 1997). There are various viewpoints on the merits of either system.

Certain considerations were given before applying Daly’s model to our situation,
and there is no lack of debate over the ‘right’ climate model. The ANUSPLIN model
which uses a trivariate smoothing spline to interpolate climate as a function of latitude,
longitude and elevation appears to work very well with gentle topography, but is less

suited to handle the complex terrain characteristic of the B.C. Interior (Ross Benton,
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NRCAN-CFS-Pacific, personal communication). Personal review of the ANUSPLIN
model deemed that the accuracy of Dan McKenney’s analysis would likely be useful
enough for the type of surface that we would require for this hazard rating, particularly as
it will soon be incorporating a function that considers large water-bodies and rain-
shadows. At the time of this analysis, PRISM was a more readily available and possibly
more accurate choice existed. The ability to handle complex topography, rain-shadows,
as well as lake and ocean effects make this a better climate model for the needs and
location of this study (Daly et al., 1994; Daly et. al. 1997). The claim to PRISM’s
suitability for B.C. is that:
“ANUSPLIN is OK for approximate maps and is

appropriate for high-quality maps in data-poor areas. The

main problem is that it does not vertically extrapolate

relationships between a climate variable and elevation. So

places like the Coast Range of BC, where there aren't any

high elevation stations, you are out of luck. PRISM does

extrapolate vertically. Also, PRISM accounts for coastal

effects on temperature, and has a trajectory model that

transports moisture inland over complex terrain to

determine rainshadows and wet zones. This is not even

attempted in ANUSPLIN.”

- Christopher Daly, e-mail communication.

The PRISM climate surface is available for all of British Columbia presently.

One of the drawbacks of PRISM is that it is somewhat of a black box where proprietary
algorithms input 30-year climate normals from BC weather stations and output the
resulting interpolated climate surface. The resolution for these data is 2.5 minutes
latitude and longitude or about 4 000 metres (Ibid, 1997). For this analysis, we utilized

all available climate data. This was maximum, minimum and mean temperature as well

as precipitation for all stands in watersheds within the ICH biogeoclimatic zones.
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2.5.7 Canadian Digital Elevation Model (CDED)

The source of the elevation data used for this analysis was the CDED model
derived from the National Topographic DataBase (NTDB) digital files at a scale of 1:50
000. This data has a resolution of 0.75 arc seconds in the easting and northing, or
approximately 23m N by 11-16m south. Elevation and aspect of individual forest stands
were calculated by taking an average of data points within the stand. This data was
converted from NADS83 to NAD27 datum in accordance with the rest of our digital
cartographic data sets. This data was produced by the Canadian Forest Service, Ontario
region, and the Centre for Topographical Information by utilizing the Australian
National University Digital Elevation Models (ANUDEM) software. It is judged as
being both more accurate and precise than required for estimating stand elevations.

2.6 Mitigating sampling error

One of the main sources of potential error in using the information available
involves the use of data at differing scales and precision. In particular, the inherent error
associated with comparing forest cover data collected at a 1: 20 000
scale to the 1:250 000 scale defoliation sketch maps. The defoliation polygons for 1990-
1995 were buffered by 300 metres both inside and outside to correct for this possible

sampling error (Figure 8).
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[ 600 metre cormection buffer
I Confident area of defaliation
® Centrokd of defolisted stand
® Centroi of undefaliated stand

Figure 8. Defoliation area corrected for possible error.

This was the estimated region of error based upon the FIDS rangers’ ground-
truth efforts (Bob Erickson-CFS, personal communication 2000). This area of
uncertainty was not sampled to avoid any error of providing a positive sample where
there should have been a negative sample, or vice versa.

Once the potential area was compensated for by the 600 m buffer, positively
defoliated stands were defined as those that had any area intersecting a historical
defoliation polygon. Undefoliated stands were those that did not intersect either a
defoliated polygon, nor the area of uncertainty generated by the buffering.

As the data was current as of the initiation of the outbreak, but not updated upon
a yearly basis, a three to five year lag can be associated with the age status of these
stands. In order to eliminate uncertainty regarding stand structure during the occurrence
of the 1990-1995 outbreak, all stand age data that could not be substantiated as being

undefoliated during this time, was excluded from the dataset to eliminate false negatives.
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This removed all stands < 5 years old. The shortfall of this exclusion is that it does not
allow the identification of defoliation risk in areas harvested and replanted within the 0-5
year range. As outbreaks have never been observed to begin in early silviculture blocks
(which offer little in the way of significant amounts of foliage or protection from
predation), this exclusion is not expected to present any shortcomings in the final model.
2.7 Obtaining samples of the four groups

In keeping with the two-stage hazard-rating process, it was necessary to sample

in two stages. These samples were collected utilizing polygon over polygon GIS analysis
known as overlaying or intersecting.
I)

1) Utilizing the BC Watershed Atlas’s 3"-order watershed boundaries, and
biogeoclimatic zone data, all watersheds that lie within the
biogeoclimatic zones ICH-vk, mk, and mw, were selected and considered
as potential candidates for defoliation.

i) These watersheds were overlaid with FIDS defoliation maps to classify
defoliated watersheds/valleys (DV) and undefoliated watershed/valleys
(UV). The actual forest stand is the sampling unit, but stratified by

watershed.

ID) In defoliated valleys, FIDS defoliation data were used to classify forest
stands. WHL defoliation data were separated into two groups. The first
contained areas defoliated in years one and two of the outbreak. Forest

stands that intersected these polygons became the loci samples (L). Year
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one alone yielded too few stands and was unrepresentative of the entire
range of outbreak. Areas defoliated in years three and beyond were called
subsequently defoliated stands (D). Stands that did not meet either of
these two conditions, yet still lay within the defoliated watershed and ICH
biogeoclimatic zones were classified as undefoliated adjacent (UA)
samples.

When the forest cover data were classified into one of the four groups, the
resultant GIS polygon samples were linked to the BCMOEF’s Forest Information and
Planning Files through an SQL connection in ORACLE . Each sampled forest stand
polygon was selected for completeness and continuity of attribute data . About half of
the samples were rejected due to incompleteness in the attribute database. This is
primarily due to the fact that the data was outside of the FIP-file jurisdiction; that is
private lands, Tree Farm Licenses (TFLs), or within parks. A visual inspection of
rejected polygons did not reveal any blatant gaps in the representation of the sampled
landscape; that is stand sampling was spaced fairly evenly throughout the ICH
biogeoclimatic zone.

2.8 Statistical techniques

Both discriminant function analysis, and multiple logistic regression answer the
similar questions. Discriminant Function Analysis seeks to parameterize a model that
best puts forest stands into their correct category. Although it follows standard
parametric assumption, a non-parametric equivalent is available. The advantage is that it

allows the interpretation of a large number of groups, and since we are dealing with four
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different forest stand conditions, it is the most appropriate given the exploratory nature
of this analysis.

Logistic regression works with binary data; in this case, either defoliated or
undefoliated. Although multi-way comparison models can be built, this solution is less
elegant and more prone to statistical error propagation than discriminant analysis.
Logistical models have the advantage of not requiring the same assumptions as
discriminant analysis, and estimate model parameters via a method of maximum

likelihood (Bergerud, 1996).

2.8.1 Discriminant analysis statistical process

After obtaining a lengthy list of variables of interest, several analytical procedures
were performed sequentially with the aims of testing each individual variable’s ability to
separate between groups, as well as its ability to meet the assumptions required of
discriminant function analysis and Canonical Discriminant Analysis (CDA), the latter

being a flavour of discriminant analysis.

1. Each variable was visually examined individually by group (UA, L, D, and UV) with
a histogram for normality, and to assess its distribution.

2. Descriptive statistics were run to examine standard deviation from mean, skewness
and kurtosis.

3. Variables that were not normal were transformed into their normal equivalents.

4. Correlation matrices were developed to assess the degree of multicollinearity among

the variable set.
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5. Moran’s I test of spatial autocorrelation was performed for forest cover data based
upon areal-weighted centroids.

6. Mann-Whitney U-test (non-parametric) was used to test differences between the
means of defoliated and undefoliated groups.

7. The Mann-Whitney U-test was confirmed by non-parametric one-way ANOVA
utilizing Kruskall-Wallace Tukey-type multiple comparison tests for differences

between individual sample groups (UA, LD, SD and UV) for each variable of

interest.

8. When Box’s M test for equality of group covariance matrices found significant
differences between groups, the covariance matrices were examined for radical
differences. A ten-fold discrepancy in the absolute covariance value or a change in
signs indicated a violation of the assumption of equal group covariance to the degree
that the analysis may provide an inconclusive or even a false answer.

9. Two step CDA-analysis was performed:

1) To separate defoliated and undefoliated valleys (UV vs. DV) at
the watershed scale.
i1) To separate (UA, LD, and SD) stands within defoliated

watersheds.

Requirements for best Canonical Discriminant Function model:
In the modeling process, a large number of possible combinations of variables

can be utilized to form similarly competent functions. It is necessary to have a number
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of criteria by which to measure the relative superiority of one combination of variables

over another.

1) Maximize Canonical Correlation. This is a measure of the association between the
function’s discriminant scores and the groups. In our case, the higher the canonical
correlation, the more strongly that the discriminant function distinguishes between
defoliated and undefoliated tree stands. With just two groups, such as in our initial
discriminant analysis that deals with distinguishing between two different valley
types, the canonical correlation is the equivalent of a Pearson correlation. With more
than two groups, the canonical correlation is the square root of the ratio of the
between-groups sum of square to the total sum of squares, otherwise similar to the
eta value from a one-way ANOVA (SPSS, 1999).

2) Maximize Classification Prediction. The coefficients of each variable derived

within the CDF analysis, and the corresponding constant, are used to predict group

membership for each particular case. The predicted and actual group membership values
are then compared for all cases. This gives us an accuracy measurement of our models
by comparing correctly classified to misclassified cases. Cross validation is an extension
of this. There are two methods of accomplishing this. SPSS has a leave-one-out method
of cross validation to adjust for the overly-optimistic classification that results when
using classification functions derived from the same cases that they are predicting. The
leave-one-out method uses discriminant functions derived from all cases except the one
being classified (SPSS, 1999). An alternate, and much more robust method of cross

validation uses a ‘hold back’ dataset not used in any calculations of the discriminant
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function. This will be further discussed within the results section. Generally, this form of
cross validation results in far fewer correct classifications than found in the original data
or the ‘leave-one-out’ method.

Prior to attempting to construct a model of looper susceptibility for forest stands,
it is important to explore some of the relationships, or the potential of relationships
between defoliated stands and relevant stand characteristics. In this manner, a better
model can be produced if we know, a priori, to the modeling process, which stand
characteristics aid in distinguishing between defoliated and undefoliated stands. Figure 9

illustrates the process of identifying relevant variables to include in such a model.
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Figure 9. Variable selection process.
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2.8.2 Logistic regression

Logistic regression is a form of regression that is used when the dependent
variable is a dichotomy (in our case 1 = defoliated, O = not defoliated). Logistic
regression applies maximum likelihood estimation after transforming the dependent into

the natural log of the odds of the dependent occurring or not.

Basic Form of a Logistic Model:
Prob (defoliation) = 1/(1 + e

Where Z = a + B1X1 =k B2X2+ winss o Ban

The logistic regression model, belongs to a class of models called generalized
linear models . These are models that, after appropriate transformation, have a linear
response with a stochastic component that does not require a normal distribution
(Hosmer and Lemeshow, 1989). We also must follow some standard rules applying to
the logistic regression models:

e Experimental and sampling units are randomly selected from a clearly defined and
appropriate population.

e Responses (counts of success) are independent.

e Values of independent variables are accurate.

e The proportion of response counts must be between 0 and 1, but not at the extremes
(i.e. we can not accurately estimate a model which has 99 negative values and 1
positive value)

e Response counts are binomially distributed.

e The probability of success at a specific x-value ( i.e. for a single x model), is

constant.
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e Response counts at any x-value have binomial variance of NY(1 —Y), which
depends on X if Y depends on X.

e Ifadiscrete qualitative variable is a predictor, it is encoded by dummy x variables
(i.e, age class or crown class).

e Hypothesis tests rely on large sample sizes.

e Unlike ordinary least squares regression, logistic regression does NOT assume that

the X variables are independent of one another. This does not relieve us of the

problem of multicollinearity. Although the Y may have an accurate fit, X-variables
that have a near linear relationship will cause the b-coefficients to be wildly variable.

e The coefficients (b;), are the amount by which the expected value of Y increases
when X increases by a unit amount and all the other X variables are held constant.
(This does not hold water if some of the X variables are functions of others (i.e.
interaction terms).

(after Bergerud, 1996)

2.9 Multicollinearity

In order to ensure the orthogonality (independence) of the variables included in
the model, it was necessary to generate a correlation matrix on the components that may
have been of use in modeling forest stands susceptible to looper attack (Table 6). This
allowed redundant variables to be identified within our list of possible parameters. Based
upon the identification of highly correlated variables, decisions can be made, as to which

of these variables explain the most amount of information and make biological sense.




Table 6. Correlation Matrix of Forest Stand Variables.
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Correlations
STAND_AG | STAND _HE | ARC AIR | ARC HC |ARC HEM [ ARC CED | SITE_IND | DIAMETER
Spearman's tho STAND_AG Correlation Coefficient 1.000 .851*1 .360™ 4124 169" .228" -.394" .843*
Sig. (2-tailed) s .000 .000 .000 .000 .000 .000 .000
N 22870 22870 22870 22870 22870 22870 22870 22870
STAND_HE Correlation Coefficient .851*1 1.000 .380*1 .361*) 146" .229"1 .027*1 911*
Sig. (2-tailed) .000 ] .000 .000 .000 .000 .000 .000
N 22870 22870 22870 22870 22870 22870 22870 22870
ARC_AIR  Correlation Coefficient .360"1 .380"1 1.000 271" 167*Y .067*1 -.001 401"
Sig. (2-tailed) .000 .000 . .000 .000 .000 .891 .000
N 22870 22870 22870 22870 22870 22870 22870 22870
ARC_HC Correlation Coefficient 4124 .361*1 2714 1.000 540" .586" -.080" .450*
Sig. (2-tailed) .000 .000 .000 . .000 .000 .000 .000
N 22870 22870 22870 22870 22870 22870 22870 22870
ARC_HEM  Correlation Coefficient 169" 146" 167 .540"1 1.000 -.029*1 -.135% .198*
Sig. (2-tailed) .000 .000 .000 .000 . .000 .000 .000
N 22870 22870 22870 22870 22870 22870 22870 22870
ARC_CED Correlation Coefficient .228" .229"1 0671 586" -.029" 1.000 11941 .296*
Sig. (2-tailed) .000 .000 .000 .000 .000 . .000 .000
N 22870 22870 22870 22870 22870 22870 22870 22870
SITE_IND  Correlation Coefficient -.394* 0271 -.001 -.080" -.135" 119" 1.000 -.059*
Sig. (2-tailed) .000 .000 .891 .000 .000 .000 . .000
N 22870 22870 22870 22870 22870 22870 22870 22870
DIAMETER Correlation Coefficient .843*1 911" 401" .450*1 198" .296"1 -.059"1 1.000
Sig. (2-tailed) .000 .000 .000 .000 .000 .000 .000 5
N 22870 22870 22870 22870 22870 22870 22870 22870

**. Correlation is significant at the .01 level (2-tailed).

Since we are dealing with forest cover data, it was expected that certain variables

would be quite highly correlated (Table 6). As many of our variables were skewed, and

required alternate forms of transformation to normalize them (were it possible at all), the

decision was made to perform a Spearman’s Rank Correlation upon candidate variables.

Although this is less powerful than Pearson’s Coefficient of Correlation, an analysis of

Pearson’s yielded similar results. As eight variables were tested for inclusion in the

model, it is possible that some spurious correlation may exist.

It is apparent that stand age was highly positively correlated with both stand

height, and stand diameter (diameter of the host species, Tsuga heterophylla) with rho =

0.851 and rho = 0.843, respectively (Table 6). This is certainly expected. Since cedar

and hemlock content additively comprise the arc-transformed ‘ARC_HC’ variable, we
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see it to be positively correlated with both hemlock (ARC_HEM rho = 0.540) and with
cedar (ARC_CED rho = 0.586). Although all other correlations were significant, other
variables were only weakly correlated, or mildly correlated at rho < |0.5]. To avoid
redundancy in the modeling process, only one of a pair of bi-variately correlated
variables exhibiting rho > 0.5 was included in the modeling process.

The correlation matrix is a good place to begin when considering the list of
possible variables to include in the exploratory stages of discriminant analysis. In
particular, stand age was highly correlated with height and diameter, but the latter two
made less sense to include from a biological point of view. Age tends to describe the
diameter and height of stands quite well, but also can be associated with various types of
understory species, canopy structure, favorable ovipositioning locations such as thick
duff, Old Man’s Beard (Usnea barbata), bark crevices, and other features that have not

been directly measured within the forest.

2.10 Spatial autocorrelation

The problem of spatial autocorrelation with respect to forest coverage and
defoliation data cannot be ignored. A variable is said to be autocorrelated if its value in a
specific place or time is closely correlated with its values in other places or times
(Odland, 1988; Cliff and Ord, 1973). This study was attempted to account for potential
problems due to spatial autocorrelation. Spatial autocorrelation is an artifact of virtually
all spatial data by virtue of the fact that phenomena at one location (for example tree

age), is likely related to phenomena at locations nearby.
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Spatial autocorrelation can be of great aid in attempting to predict the values of
locations between point sampled data (interpolation). However, it can also present some
serious statistical difficulties when attempting to apply classical hypothesis testing or
regression modeling. Since both require independence among observations, obviously
data that is related in space or within a certain distance fails to satisfy this basic tenet.
Autocorrelated observations can lead to biased estimates of the standard errors used in
many hypothesis tests. Biased estimates of the standard error can drastically alter the
conclusion when applying for example, Student’s t-distribution for comparing means,
which relies on an accurate estimation of the standard error.

In regression analysis and discriminant analysis, independent residual errors are
also an issue, particularly when fitting a model to spatially related biological inventory
data. If the standard error is underestimated (when there is positive spatial
autocorrelation), then the significance of regression coefficients will be inflated,
possibly leading to the false conclusion that certain coefficients are significantly
different than zero. In addition, if residuals are autocorrelated, it means that the form of
the model is incorrect and some source of variation has been omitted from the model.

There are two options available for dealing with spatial autocorrelation for these
particular data: i) modeling the autocorrelation function, or ii) sampling it out of the
modeled data based upon the distance (known as the lag) at which it occurs. As this
study is designed with the idea that the resulting models should be fairly straightforward
to implement, adding an additional autocorrelation function is not as desirable as
removing the autocorrelation in the data-gathering stage. The best way to accomplish

this is to alter the sampling schedule so that either only those samples at the lag beyond



which autocorrelation no longer occurs are included (Figure 10), or all pairs falling
within this distance are examined and one of the pair is arbitrarily dropped from the final

analysis. The former technique has been successfully demonstrated in several studies

using logistic multiple regression (Li et al., 1997, Pereira and Itami, 1991).

Figure 10. Sampling distance as defined by zero spatial autocorrelation

Spatial autocorrelation was tested according to Moran’s Index of spatial
autocorrelation, through visual assessment of variograms, and pair-wise ranking of

Moran’s 1.
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The Moran’s I statistic takes the form:

Equation 1. Moran’s Index of Autocorrelation (Bailey and Gatrell, 1995).

n Zn: En: wiy(yi — 7))y — ¥)

i=1 j=I

i(yi ~y)° Z Zwij

i=1 i#]

I

I = autocorrelation for interval distance class w;
y; = the measured sample value at point i,
y; = the measured sample value at point i+h.

Wij = proximity matrix.

Rather than examine the entire dataset, a sub-sample of 2000 forest stands were
selected to test for the influence of spatial autocorrelation. As this is a fairly
computationally-intensive process, 2000 stands were deemed sufficient to cover a
number of lags. Each individual variable entered into our analysis was tested for the
presence of spatial autocorrelation using a geostatistical package called GS+. A
distance matrix was constructed using areal-weighted centroids from each forest-stand
polygon. This is an accepted means of determining proximity when using areal data
(Bailey and Gatrell. 1995). Several scales were examined from 5 metres to 2000 metres
for lag distances, over a total of 14 500 metres), and searching for spatial anisotropy
(directional influence) at 22.5° interval axis. The output for this analysis is given in

Appendix 4.
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Most variables exhibited a fairly low degree of spatial autocorrelation. The
variable Site Index exhibited largest Moran’s I (0.53) at a lag of 100 metres based upon
120 pairs of records (each record is paired for a certain lag distan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>