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Spatial and Temporal Dynamics of the Douglas-fir Bark Beetle (Dendroctonus 
pseudotsugae, Hopk.) in the Detroit Ranger District, Oregon. a Landscape Ecology 

Perspective 

CHAPTER 1: INTRODUCTION 

The forests of the Pacific Northwest comprise a mosaic of vegetation patches 

of different species composition, age, size, and shape (Franklin and Dyrness, 1973). 

This diversity of patches is created and maintained by the superposition of 

environmental gradients, regeneration processes, and disturbances upon a geologic 

template of high topographic relief and many different landforms (Swanson et al, 

1990). Historically, important disturbances in this region include fire, wind, 

landslides, snow avalanches, and insect outbreaks (Furniss and Carolin, 1977; Swanson 

et al, 1990). In addition to these natural disturbances, forest harvesting and other land 

use practices have had a profound effect upon the landscape pattern for the last four or 

five decades (Wallin et al., 1994). 

Insect outbreaks are unique among this list because they are a biological 

disturbance agent. The magnitude and frequency of insect outbreaks reflect population 

dynamics of the insects as well as susceptibility of host plants to attack. Among the 

categories of phytophagous insects, bark beetles have a potential to effect large 

impacts upon ecosystems because successful colonization and reproduction are 

contingent upon host mortality (Berryman, 1972). This study focuses on one of the 

region's most economically harmful insects, the Douglas-fir bark beetle (Dendroctonus 

pseudotsugae Hopkins), and attempts to place spatial and temporal dynamics of beetle 

populations and tree mortality into a hierarchical framework. 

BACKGROUND 

The introductory material has been organized into four sections. First I will 

discuss a general, theoretical model of the epidemiology of bark beetle outbreaks 

which incorporates both beetle and host characteristics. Next the specific life history 

of the Douglas-fir bark beetle will be discussed along with the factors that influence 
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host resistance to attack. Last, I develop a conceptual model of the factors influencing 

population dynamics at different spatial scales. 

Epidemiology of Bark Beetle Dynamics 

Bark beetle species vary in their ability to attack and colonize host trees (Raffa, 

1993). "Aggressive", obligately parasitic, bark beetles attack and kill healthy trees. 

Nonaggressive, saprophytic bark beetles can only reproduce in dead or dying trees. 

The life history strategy of the Douglas-fir beetle is somewhere in the middle, as they 

only sporadically inflict large amounts of tree mortality. There are several other bark 

beetle species that share this same life history strategy, which is best described as 

facultatively parasitic (Raffa et al, 1993). Two major adaptations have evolved that 

enable bark beetles to kill live hosts: complex systems of chemical and acoustic 

communication which allow beetles to aggregate around a host tree, and symbioses 

with pathogenic fungi that help kill the tree (Berryman, 1972). Berryman (1978; 

1982a) has proposed a theoretical model which explains the eruptive behavior of 

facultatively parasitic bark beetle population dynamics in terms of regulatory 

processes. Berryman reasons that most bark beetle populations are regulated by 

biological control processes such as predators, parasites, and the availability of suitable 

habitat. When the predominant regulatory processes are not equally effective at 

different beetle population densities, the populations will exhibit cyclic behavior 

(Berryman et al., 1984). 

Berryman's model of bark beetle outbreak dynamics has a large degree of 

explanatory power because it specifies quantitatively different population dynamics 

(endemic versus epidemic states) in terms of thresholds (Figure 1.1). For example, 

species of facultatively parasitic bark beetles are usually constrained to attacking 

physiologically weakened hosts. Host resistance is the most important factor which 

regulates population densities of the Douglas-fir beetle (Furniss et al, 1979; Rudinsky, 

1962; Wright, 1984). The beetles usually persist at low levels breeding in trees struck 

by lightning, root rot, or recently killed trees. However, events such as large 

windstorms provide abundant habitat and beetle numbers can quickly increase (the 



system moves from a to c). At increased densities, the beetles can overcome the 

defense systems of healthier hosts (i.e. acting like parasites). Similarly, events like 

prolonged drought can lower the resistance of large tracts of trees and render them 

susceptible to attack, even at low beetle densities (the system moves from a to b). 

Thus the potential habitat available for the beetles to exploit varies with beetle 

population numbers. Population explosions can be attenuated by density-dependent 

processes such as increased densities of specialized predators or pathogens or 

decreased brood survival. 

Figure 1.1: Conceptual model relating host resistance to beetle population level 
(redrawn from Berryman, 1972 and Christiansen et al., 1987) 
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Life History of the Douglas-fir Bark Beetle 

The Douglas-fir bark beetle belongs to a genus of beetles named for their 

ability to kill trees (Dendroctonus literally means "tree-killing") (Stark, 1982). Bark 

beetles from this genus (family Scolytidae) spend the majority of their lives in the 

phloem tissue of their host plants (Stark, 1982). The Douglas-fir bark beetle occurs 

throughout the range of its primary host, Douglas-fir (Bright, 1976). Coastal and 

interior beetles behave differently (Fumiss and Carolin, 1977), therefore the following 

discussion is focused upon beetles living in Douglas-fir forests west of the crest of the 

Cascade Mountain Range. The bark beetle life cycle can be divided into three phases: 

dispersal, colonization, and production (Berryman, 1982b). 

Dispersal 

Douglas-fir bark beetles disperse by flying. The objective of the dispersal 

phase is for sexually mature adults to locate and aggregate in suitable breeding 

material. Although flights usually occur once a season, the beetles have a large 

capacity to disperse. In laboratory settings, it has been determined that beetles can fly 

without stopping for up to 9 hours at a velocities of 30-40 meters per minute 

(Chapman, 1954). This translates to 1.8 to 2.4 km/hour and a potential maximum 

distance of 16.2 to 21.6 km per flight, although actual dispersal distances are probably 

a lot less (Lejeune et al., 1961). 

Overwintering adults emerge from their galleries in the bark in the spring, from 

April to June (Fumiss and Carolin, 1977). The timing of emergence and whether 

beetles emerge in a simultaneous or staggered pattern is largely dependent upon the 

weather (Atkins and McMullen, 1960). Temperature appears to be the most critical 

variable, with beetles spontaneously flying at temperatures between 22 and 32 C 

(Atkins, 1959). Weather conditions at the time of emergence have additional 

ramifications for the location of attack (Atkins and McMullen, 1960). For example, if 

spring time conditions are cool and cloudy, beetles may limit flight activity and then 

4 
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host mortality would be concentrated in the immediate vicinity (Atkins and McMullen, 

1960). Conversely, in a warm and/or clear spring the population might disperse for 

longer distances and start new centers of infestation (Atkins and McMullen, 1960). 

Dispersal of the population of emerging beetles occurs in two phases, primary 

attraction and secondary attraction. Virgin female beetles (pioneer beetles) are 

attracted to volatile terpenes (especially a-pinene, camphene, and limonene) which are 

constituents of Douglas-fir oleoresin (Rudinsky, 1966). Wounded trees, freshly cut 

timber, and windthrown trees exude more of these compounds than standing, healthy 

trees, thus they are more attractive host material (Rudinsky, 1966). Although males 

are also attracted to these terpenes, proportionally more females respond (Rudinsky, 

1966). After location of attractive host material, females produce a combination of 

aggregating pheromones that draw males and females to the site of attack, i.e. 

secondary attraction. Courtship of the females by the males, regulation of attack 

density and spacing, and competition between males for females are all mediated by 

an intricate sequence of pheromonal signals and acoustic cues (stridulation) (Ryker, 

1984). Atkins (1966) speculates that the phenomenon of secondary attraction evolved 

to allow beetles to utilize habitat (i.e. weakened trees) that has an irregular spatial 

distribution. 

Colonization 

The beetles attack the host tree en masse to overcome host defenses (Berryman, 

1982). Douglas-fir trees have two defense systems; resin canals which are a 

preformed, constitutive system, and induced resistance which is a hypersensitive 

reaction initiated by wounding (Berryman, 1972). In the process of boring in to the 

inner bark, bark beetles serve as vectors for pathogenic fungi (usually of the genus 

Ceratocystis) (Berryman, 1972). The fungi attack the living tree and thus act in 

concert with the beetle to kill the host tree (Berryman, 1982b). Tree death is a result 

of both the blue stain fungi spreading out vertically in the tracheids and thus impairing 

water transport in the xylem and also bark beetles feeding on the phloem (Ryker, 

1984). 



Production 

6 

In successfully colonized trees, individual females begin to excavate vertical 

galleries in the phloem-cambial region (Bright, 1976). Females are joined by the 

males who assist in gallery construction (Bright, 1976). Egg masses of 10 to 36 eggs 

are laid in grooves at intervals along alternate sides of the gallery (Furniss and 

Carolin, 1977). As the larvae develop, they mine out of the central gallery at a 

perpendicular angle, creating the characteristic fan shape of a Douglas-fir bark beetle 

gallery. Larvae go through four instars and usually overwinter as adults (Furniss and 

Carolin, 1977; Vite and Rudinsky, 1957). Once egg laying is complete, parent beetles 

may re-emerge and disperse elsewhere (McMullen and Atkins, 1961). 

Brood mortality is probably affected by intraspecific competition more than 

predation or parasitism (McMullen and Atkins, 1961). Attack density per square unit 

of bark can serve as a measure of intraspecific competition within individual host trees 

(McMullen and Atkins, 1961). In a manipulative experiment on Douglas-fir in interior 

British Columbia, McMullen and Atkins (1961) found that the number of progeny per 

parent decreased as attack density/foot' increased. At attack densities of 13 to 17 per 

feet', there was a one to one ratio between parents and offspring. Maximum parent to 

offspring ratios observed was approximately 1:22 at attack densities of 4 to 8 per feet'. 

Thus at high population densities intraspecific competition acts to regulate future 

population density and attenuate beetle epidemics (McMullen and Atkins, 1961). 

Sources of Variation in Tree Resistance 

Each tree has a certain resistance to attack by beetles at any point in time that 

is a function of the amount of photosynthate allocated to defensive systems. As 

previously mentioned, coniferous trees have two lines of defense against insects and 

other threats: preformed resin canals and an inducible hypersensitive reaction. 

Efficacy of the resin canal system is a function of the quality and quantity of the 

oleoresin, which ultimately depends upon tree health over a period of time. The 

hypersensitive reactions (necrosis) are active physiological processes, the effectiveness 

of which depends upon tree physiological status at the time of attack. Allocation of 
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photosynthate to stemwood production has a low priority (Waring and Schlesinger, 

1985). Thus, indices of tree vigor based on annual stemwood growth can be used as 

an indication of environmental stress. Stressed trees will presumably allocate less 

carbon to defense as well as stemwood production Therefore tree vigor and host 

resistance should be strongly correlated. 

Factors that alter tree physiological status and carbon allocation to defensive 

systems will directly or indirectly influence interactions with bark beetles. These 

factors can be categorized according to the spatial (and temporal) scale they act at, the 

nature of the stress (biotic, abiotic, or anthropogenic), and the mechanisms by which 

they influence tree growth and health (Table 1.1). 

Conceptual Model of Douglas-fir Beede Dynamics 

Hierarchy theory posits that ecological systems are constrained by processes 

that operate at nested levels of successive spatial and temporal scales. The 

epidemiological theory of bark beetle dynamics predicts that beetle population density 

and associated tree mortality at a point in time reflect the previous beetle generation's 

numbers and the availability of suitable breeding habitat. By combining these two 

theories I developed a conceptual framework for understanding how beetle life history 

traits interact with the hierarchy of factors that influence host tree vigor, which I 

illustrate in a "concept map" (Figure 1.2). Starting at the top of the diagram with the 

response variable "beetle population numbers and host mortality (t +1)", any 

expressions linked by arrows should read like a sentence. This conceptual model is 

really a hypothesis about the interactions between factors influencing beetle population 

dynamics and host resistance. Conclusions presented at the end of the thesis will 

address the extent to which the hypothesis posed as this conceptual model is 

corroborated by this research. 



Table 1.1: Factors influencing conifer physiological status and potential interactions with bark beetles 

Possible reduces tree 
mechanism of growth 
action 

Category 

Scale 

Reference 

biotic 

individuals 

Lorio 1993; 
Paine and 
Baker, 1993 

differential 
susceptibil- 
ities at 
different 
stages 

biotic 

individuals 

Lorio, 1993 

mechanical 
damage; 
releases 
terpenes 

abiotic 

individuals 

Paine and 
Baker, 1993; 
Rykiel et al., 
1988 

mechanical 
damage; 
releases 
terpenes 

abiotic 

individuals 

Paine and 
Baker, 1993 

weakens tree 

biotic 

groups of 
trees 

Paine and 
Baker, 1993 

competitive 
interactions 

biotic 

groups of 
trees 

Kushmaul et 
al., 1979; 
Lorio, 1993 

influences 
competition 
for resources 

biotic 

groups of 
trees 

Waring, 1981 

CO 

Factor Diseases (e.g. Tree age, tree Lightning Wind damage Diseases (e.g. Species Stand density 
mistletoe) size root rot) composition 



Table 1.1, Continued. 

Factor Radiation 
input 

Edaphic 
factors 
(soil pH, 
texture, 
fertility) 

Aspect 
(e.g. 
southern 
aspects) 

Logging, 
roading 

Drought Windstorm Air 
pollution 

Fire 
suppres- 
sion 

Possible influences influences higher mechanical reduced windthrow leaf changes 
mechanism annual site quality tempera- damage carbon mechanical damage competi- 
of action growth and growth 

potential 
tures, 
increased 
water 
stress, 
radiation 
input 

allocation 
to 

defenses; 
altered 
thermal 
enviroment 
for insects 

damage tive 
relations 

Category abiotic abiotic abiotic anthropo- 
genic 

abitoic abiotic anthropo- 
genic 

anthropo- 
genic 

Scale groups of 
trees 

groups of 
trees 

groups of 
trees 

groups of 
trees 

forests, 
landscape 

forests forests; 
landscape 

forests 

Reference Kaufman Kushmaul Kaufman Lejeune et Mattson Paine and 
and Ryan, et al., 1979 and Ryan, al., 1961 and Haack, Baker, 
1986 1986 1987 1993 



Figure 1.2: Concept map of the hierarchy of host resistance factors that interact with 
beetle life history traits 
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QUESTIONS OF INTEREST 

Hierarchy theory posits that different physical and ecological processes operate 

at different spatio-temporal scales. If this is so, we can ask what controls the presence 

or absence of bark beetle kill at different scales. What influences which individual 

trees get attacked and killed by bark beetles? What influences which regions in a 

landscape experience bark beetle attacks? What influences the frequency and 

magnitude of beetle epidemics? Are these the same factors? The research reported in 

this thesis is an attempt to tease out the factors that influence the presence or absence 

of bark beetle-induced tree mortality and develop a conceptual model of how they are 

related to ecosystem processes in the Douglas-fir landscape. 

The underlying operational hypothesis is that weaker trees will succumb to 

beetle attack more frequently than vigorous trees and that combinations of landscape- 

scale environmental factors render certain areas more susceptible to beetle-kill by 

constraining tree growth. The objectives of this study are to measure the association 

between beetle kill and different variables at several spatial and temporal scales. 

Specific questions include determining if there is a difference in the vigor of trees 

killed by the beetle and adjacent, living Douglas-fir, if there are certain areas in the 

landscape that are especially susceptible to bark beetle attack, and if there is a 

temporal sequence of other disturbances that precede Douglas-fir bark beetle 

epidemics. 

11 



CHAPTER 2: STAND LEVEL STUDIES 

INTRODUCTION 

Two years ago (1992) there was a dramatic rise in the number of tree deaths 

attributed to the Douglas-fir beetle in the Willamette National Forest. Beetles usually 

kill patches of 5 to 40 trees due to pheromonal-induced aggregating behavior. A 

question of interest is why certain trees are colonized by the beetle and neighboring 

trees are not. The hypothesis underlying these studies is that certain characteristics of 

individual trees render them more or less susceptible to beetle attack. Tree resistance 

to attack is a function of the amount of photosynthate allocated to defensive systems. 

Allocation of photosynthate to stemwood production has a low priority (Waring, 

1983). Thus, indices of tree vigor based upon annual stemwood growth (tree ring 

width) can be used as an indication of environmental stress. I predicted that trees that 

were growing more slowly before the time of attack would be the trees to succumb to 

the beetle. The objective of this study then was to determine whether I could 

retrospectively detect differences in indices of tree vigor between beetle-killed trees 

and adjacent living trees. Further efforts to relate beetle kill to landscape scale 

phenomena were made by investigating whether tree vigor depended upon site 

variables. 

RATIONALE 

The following studies were designed to elucidate the relationship between tree 

growth rates, environmental variables, and incidence of beetle kill. The specific 

questions of interest were: 

* Is there a difference in tree vigor over time between beetle-killed trees and 

living trees in the same stand? 

12 



* Do the tree-level variables sapwood radius, presence or absence of visible 

injury, diameter at breast height, and growth rate (before death) account for 

variation in the probability that a tree was dead or alive? 

* Is there a difference in mean tree vigor between stands with different site 

conditions such as aspect, elevation, slope gradient, basal area, beetle kill patch 

size, total annual solar radiation, and potential evapotranspiration? 

METHODS 

Study Site 

Observations were carried out in the Detroit Ranger District of the Willamette 

National Forest, in the Western Cascades of Oregon (122,000 ha; latitude 44 0 45', 

longitude 1210 52' 30") (Figure 2.1). The Detroit Ranger District is in the Western 

Hemlock zone (Tsuga heterophylla) but forest stands are usually dominated by 

Douglas-fir (Pseudotsuga menziesii) (Franklin, 1979). The topography is mountainous 

and mean annual precipitation is 220 cm. This area was selected because of the large 

magnitude of the Douglas-fir bark beetle activity during the summer of 1992 and the 

availability of air photos. District silviculturalists speculate that the 1992 beetle kill 

was the largest outbreak since the 1950's. The extreme conditions in the Detroit 

Ranger District during 1992-1993 provided an excellent opportunity to study the 

spatial patterns and conditions of an outbreak. 

Individual dead trees or groups of dead trees separated from other similar 

groups by at least two tree crowns were defined as "beetle-kill patches". Fourteen 

beetle-kill patches distributed throughout the Ranger District were sampled. Site 

selection was based primarily upon accessibility; however an effort was made to obtain 

sites which constituted a balanced distribution of patch size (i.e. the number of dead 

trees), aspect, and elevation. Statistical inferences must be restricted to the 14 sites 

because they do not constitute a random sample of beetle-kill patches. 

13 



Figure 2.1: Location of the Detroit Ranger District, Oregon 
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Sampling Design and Data Collection 

Sampling Framework 

Beetle-killed trees, adjacent living trees ("nearest neighbors"), and "control" 

trees were sampled within each plot. Only Douglas-fir trees were sampled. Proximate 

cause of tree death was not determined, however, I use the terms beetle kill and dead 

tree interchangeably, Dead trees were identified on the basis of bark characteristics 

and were assumed to have died in the beetle epidemic the preceding year. This 

assumption was based upon accounts from Detroit Ranger District silviculturalists 

(Lyle Ange, pers. comm.) and observations of tee characteristics. There is a 

predictable sequence of degradation of needles, twigs, and small branches after tree 

death by bark beetles (Wright and Harvey, 1967). One year after death foliage may be 

present or absent but all small branches and twigs are intact (Wright and Harvey, 

1967). If any needles are present they will be red. Two to three years after death all 

needles are gone and 60-90 percent of the very small twigs are present. After 4 to 5 

years, 40-75 percent of all twigs and branches remain. Wright and Harvey (1967) 

provide a sequence of photographs depicting these conditions. Thus from visual 

inspection of the remaining foliage and branches I was reasonably certain that all trees 

designated as "beetle kill" had died the preceding year. Cross-dating of tree cores 

corroborated this assumption. 

Patches of beetle-kill were partitioned into four quadrants roughly located 

around the center of the patch (Figure 2.2). Transect lines ran from upslope to 

downslope and bisected the patch along the contour of the slope. In small patches of 

5 or fewer beetle-kill trees, all dead trees were sampled. Patches of beetle-kill larger 

than five dead trees were sampled as follows (Figure 2.3). The two dead trees nearest 

to the center of the plot (i.e. the intersection of the perpendicular transect lines) were 

sampled, regardless of which quadrant they fell into. Within each quadrant the beetle- 
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'It should be noted that the use of the term "control" does not follow the 
conventional scientific meaning, but is defined for the purposes of this thesis as the 
tree that was separated from a beetle-killed tree by another Douglas-fir. 
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killed tree farthest from the center of the plot was sampled, for a total of 6 beetle- 

killed trees per plot. For small patches (fewer than 5 beetle-killed trees), the living 

tree closest to a beetle-kill tree was designated as a "nearest neighbor" and sampled in 

each quadrant for a total of four nearest neighbors per plot. "Control" trees were 

designated as the tree closest to a nearest neighbor, facing outward from the center of 

the patch. If a "control" tree was closer to a beetle-killed tree than to the nearest 

neighbor, the next closest tree was sampled (i.e. refer to the SE quadrant of Figure 

2.3). Patches of 6 or more dead trees were sampled with a similar protocol. Nearest 

neighbor and control trees were selected from the most distant dead tree in each 

quadrant for a total of four nearest neighbors and four controls per plot. If a quadrant 

did not contain appropriate nearest neighbors and/or control trees the beetle killed tree 

was still sampled; thus not all sites contain 4 nearest neighbors and 4 control trees. In 

total 56 beetle killed trees, 58 nearest neighbors, and 48 control trees were sampled. 



Figure 2.2: Sampling framework for beetle-kill patches with 5 dead trees or less 
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Figure 2.3: Sampling framework for beetle-kill patches with 6 or more dead trees 
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Variables 

A number of variables were measured at each site and on each individual tree 

(Table 2.1). In addition to the variables measured in the field, total annual solar 

radiation and potential evapotranspiration for July were calculated for each site by 

methods outlined in Chapter 3. 

Table 2.1: Summary of the measured variables 

Number of beetle-killed site continuous 
trees in a patch 

Percent slope site continuous 

Elevation (m as') site continuous 

Stand basal area (m2/ha) site continuous 
via prism counts 

Aspect site categorical 

Status of tree (dead or tree categorical (binary) 
alive) 

Diameter at breast height tree continuous 

Sapwood radius on 2 tree tree continuous 
cores 

Visible injury-- tree categorical (binary) 
presence/absence 

Class of treebeetle-killed tree categorical 
(bk), nearest neighbor 
(nn), or control (c) 

Ring widths from 1950 - tree continuous 
1992 
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Variable Site or Tree Scale Continuous or Discrete 
(categorical) 



Tree Coring 

Two cores from each tree were extracted with a Mora 16" increment borer. 

The two cores were taken 180° apart parallel to the contour of the slope where tree 

rings exhibit the least variation (as in Stokes and Smiley, 1968). Bark thickness and 

sapwood radius were measured to the nearest 0.5 mm in the field. Tree cores were 

stored in plastic straws for transfer to the lab. In the lab, cores were dried and stored 

in paper envelopes until further processing. The dried cores were permanently 

mounted in wooden grooves with the tracheids perpendicular to the horizontal plane. 

The wood surfaces were prepared for measurement by sanding with a belt sander using 

successively finer grades of sand paper. 

Ring Width Measurements 

A date (year) was assigned to each tree ring on a core by counting backward 

from the latest ring on the core (closest to the bark). Due to the large number of 

samples (336), there was insufficient time to verify each date by the 

dendrochronological technique of manual skeleton plotting before measurement (as 

suggested by Phipps, 1985). However, after measurement the raw ring-width series 

were plotted and compared visually for anomalies. In addition to this, all ring-width 

series for each of the 14 sites were run through COFECHA (from the International 

Tree Ring Data Bank Program Library-ITRDB), a computer program that identifies 

potential errors in tree ring width chronologies. 

Tree ring widths were measured (to the nearest 0.01 mm) with equipment in 

Dr. Dave Peterson's laboratory at the University of Washington. Samples were placed 

on a moving-stage micrometer which interfaced with a television monitor. The cores 

were advanced by turning a crank on the stage and ring widths were recorded as the 

distance between successive late wood to early wood boundaries by a digital encoder. 

The system was linked to a personal computer which ran the ITRDB program TRIMS 

to record and edit the measurements. Width values for individual trees represent the 

average of the two cores. 
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Tree Vigor Indices 

Tree vigor, as manifested in annual stemwood growth, can be assessed with 

several indices calculated from annual ring width and diameter at breast height. These 

indices include basal area increment, basal area increment/sapwood area and growth 

efficiency. 

Basal area increment has been used by several researchers investigating 

differences between beetle-killed trees and adjacent living trees (McClung, 

unpublished; McCowan and Rudinsky, 1954 cited in Hendrickson, 1965). Diameter at 

inner bark was calculated by dividing the dbh measurements by 1.021, the ratio of dbh 

(outside bark) to dbh (inside bark) for west side Douglas-fir (Bell, 1984). Basal area 

increment can be calculated as follows: 

Basal Area Increment = nr2 - Tc(r - i)2 

r = D/2 (current radius of tree excluding outside bark) 

i = width of current tree ring 

Due to large variations in tree diameter between different sites, basal area increment 

was divided by cross-sectional area (at breast height) to give a dimensionless relative 

index of stemwood growth (referred to as relative basal-area increment or RBAI). 

Relative basal-area increment was calculated for eight 5 year periods, extending back 

in time (1951-1955, 1956-1960, 1961-1965, 1966-1970, 1971-1975, 1976-1980, 1981- 

1985, and 1986-1990). Values are expressed in terms of the total growth for each five 

year period, as opposed to the mean growth over five years. 

Statistical Analyses 

The large number of variables measured provided many different ways to 

analyze the data. This discussion is limited to four analyses addressing questions 

about three possible response variables (class of tree, status of tree, and growth rates) 

and relationships to tree-level and site-level explanatory variables. 
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Growth Rates over Time 

The hypothesis that growth rates would differ between trees classified as 

beetle-killed, nearest neighbor, or control was tested. Analysis of variance in SAS 

served to ascertain whether the mean values of relative basal-area increment differed 

between the three classes of trees (beetle kill, nearest neighbor, and control) for each 

time period. The component of variance due to site differences was controlled for by 

blocking by site. Class effects were tested using the site*class interaction as an error 

term. Analysis of variance assumed that the variance was constant and the data were 

drawn from a normal distribution. The constant variance assumption was verified 

graphically by looking at plots of expected values versus residuals. Frequency 

histograms and the Shapiro and Wilk's W-test were used to check for normality. A 

log transformation of the response variable improved the residual plot and frequency 

histogram, thus all subsequent discussions refer to log-transformed variables. 

Repeated Measures Analysis of Growth Rates 

The measurements of relative basal area increment at the 8 time periods were 

also analyzed using repeated measures techniques. Repeated measures takes advantage 

of the underlying temporal structure of the data by analyzing the response surfaces 

(Meredith and Stehman, 1991). The primary question to answer using repeated 

measures was whether there were any class by time interactions, i.e. did differences in 

relative basal area increment between trees in the three classes vary with time. The 

SAS generalized linear model procedure was used with a "repeated" statement to test 

the main effects and interaction effects. 

Effects of Individual Tree Variables upon Tree Mortality for the Time Period 
(1986-1990) 

Many have suggested that the beetles discriminate against smaller diameter 

trees because they require a minimum phloem thickness to successfully reproduce 

(Raffa and Berryman, 1987). There are other characteristics of a tree that might 

influence whether it would be successfully attacked and killed by the beetle. To 
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address this I used status of a tree (dead or alive) as a binary response variable. Then 

I asked whether any of the variables measured at the level of the individual tree 

(sapwood radius, injury, diameter at breast height, and log-transformed relative basal 

area increment) were helpful in explaining whether a tree succumbed to the beetle. 

Given that this was retrospective study and the response variable was binary (dead or 

alive), logistic regression was an appropriate statistical tool for this situation (Ramsey 

and Schafer, 1992). Logistic regression is used to model the logit transformation of a 

binary response variable as a function of continuous explanatory variables: 

Ln {7t/1-7c} =I + 01x1 + 132x2 + 133X3 etc 

where n = the population proportion or probability of l's in a given population of O's 

and l's. Logistic regression differs from simple linear regression in that the 

coefficients of the explanatory variables (13's) are linked to the response variable via a 

nonlinear function (the logit function) (Ramsey and Schafer, 1992). Thus for any 

given explanatory variable, P is the change in the log of the odds of being a dead tree 

per unit increase in that explanatory variable. Wald's e tests are based upon 

maximum likelihood estimators and are used to test the significance of individual 

coefficients (other explanatory variables held constant) (Ramsey and Schafer, 1992). 

Logistic regression was performed to model the status of a tree as a function of the 

explanatory (tree-level) variables: sapwood radius, injury, diameter at breast height, 

and log-transformed relative basal-area increment. 

Growth Rates for the Most Recent Time Period (1986-1990) with Respect to 
Site Variables 

The possibility that site-level variables influence tree growth and thus render 

certain areas of the landscape more susceptible to beetle attack was investigated. 

Stepwise linear regression was used to determine whether any of the measured site 

variables (patch size, elevation, aspect, percent slope, and basal area) were associated 

with the mean site growth rate (all classes of trees) for the most recent time period 
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(1986-1990). Total annual solar radiation and July potential evapotranspiration (two 

variables calculated for each site by models) were included as explanatory variables in 

the regression. 

RESULTS 

Growth Rates at Each Time Period 

One hundred and sixty-two trees were sampled from fourteen different sites. 

Tree growth rates, as expressed by relative basal area increment, varied considerably 

over time and among the 14 sites (for example, the values for 1986-1990 are plotted in 

Figure 2.4). Analysis of variance for each individual time period showed no statistical 

differences between growth rates in the three categories of trees that are significant at 

the 0.05 confidence level (Table 2.2). In other words, growth rate as expressed by the 

increase in stemwood diameter as a fraction of the total basal area did not significantly 

differ for beetle-killed, nearest neighbor, and control trees in any 5 year period over 

the 40 years prior to this episode of beetle kill. However, the low p-values for periods 

1971-1975 and 1976-1980 were suggestive of differences (see also Figure 2.5). 

Furthermore, these potential differences between beetle-killed trees, and the nearest 

neighbor and control trees appear to increase through time. 

Repeated Measures Analysis 

The mean values of relative basal area increment for each class appeared 

autocorrelated (Figure 2.5). The covariance matrix confirms that the observations were 

highly correlated over each time period (Table 2.3). There were significant time 

effects (p < 0.0001) and time*site effects (p < 0.0001), but the class effect was not 

significant (p = 0.1539) and the class*time effect was only mildly suggestive of 

interactions (p = 0.0832). This implies that RBAI in any five year period for a 

particular site is a strong predictor of RBAI in the subsequent period for all trees at 

that site, but that these differences do not depend upon the categorization of a tree as 

beetle-killed, nearest neighbor, or control. 



Figure 2.4: Relative basal-area increment (1986-1990) for all beetle-killed trees, 
nearest neighbors, and control trees in 14 sites 
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Table 2.2: Results of individual ANOVA's on each time period blocking by site and 
grouping observations by the three class designations (beetlekill, nearest neighbor, 
control) 

Logistic Regression on Individual Tree Variables 

None of the following explanatory variables helped explain the variations in the 

population proportion of dead trees: sapwood radius (p = 0.76), dbh (p = 0,14), 

relative basal area increment for 1986-1990, (p = 0.19), or injury (p = 0.24). Thus, 

death by beetle kill was no more likely for trees that had bigger or smaller sapwood 

radii and/or diameters, were faster or slower growing, or showed visible signs of 

injury. 
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Time Period P-value for test of 
significance of 
"class" effect 

Mean Square 
Error 

1951-1955 0.7247 0.130 

1956-1960 0.2488 0.498 

1961-1965 0.2456 0.495 

1966-1970 0.0965 0.637 

1971-1975 0.0878 0.759 

1976-1980 0.0764 1.113 

1981-1985 0.1264 1.058 

1986-1990 0.1715 0.679 



Table 2.3: Correlation matrix of Pearson correlation coefficients averaging all data 
over each time period 

Growth Rates with Respect to Site Variables 

Stepwise regression was used to investigate whether any of the measured site 

variables were correlated with the mean site growth rate for the most recent time 

period (1986-1990) (Table 2.4). The only variable that was retained in the model was 

stand basal area (Figure 2.6). The adjusted coefficient of determination (adjusted R2) 

indicated that stand basal area could explain 36.4 percent of the variation in mean 

stand relative basal area increment among the sampled sites. Thus, trees at sites with 

higher stand basal area (and presumably more stress) showed slower growth rates, 

probably associated with increased competition. 
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1951- 
1955 

1956- 
1960 

1961- 
1965 

1966- 
1970 

1971- 
1975 
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1980 
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1985 

1986- 
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1951- 
1955 

1956- 
1960 

1961- 
1965 

1966- 
1970 

1971- 
1975 

1976- 
)980 

1981- 
1985 

1986- 
1990 

1.000 0.924 

1.000 

0.923 

1.000 

1.000 

0.897 

0.952 

0.952 

1.000 

0.882 

0.929 

0.929 

0.965 

1.000 

0.813 

0.890 

0.890 

0.900 

0.926 

1.000 

0.767 

0.857 

0.857 

0.858 

0.864 

0.948 

1.000 

0.735 

0.823 

0.823 

0.828 

0.831 

0.895 

0.945 

1.000 



Table 2.4: Variables measured or calculated for each of the fourteen field sites 
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Site # RBAI Beetle- Eleva- Aspect Percent Basal Total July 

(1986- killed tion slope Area Annual PET 

90) trees (m asp (n2fha) Radia- 
tion 

(1,000s 
cal/cm2) 

(1,000s 
cal/cm2) 

1 0.017 14 695 S 15 110 181 10.4 

2 0.022 3 892 N*NW 31 74 130 9.9 

3 0.017 9 937 S 4.5 74 175 11.3 

4 0.017 1 739 S*SE 8.5 34 175 11.0 

5 0.011 14 854 NW 36 74 132 9.8 

6 0.030 8 976 S 17 74 187 11.4 

7 0.012 3 998 S 29 92 196 11.4 

8 0.008 5 716 W 10.5 74 166 10.7 

9 0.012 2 877 E 39 64 159 10.4 

10 0.028 9 991 E 35.5 34 162 10.6 

11 0.026 6 854 W 30.5 46 162 10.6 

12 0.031 1 762 W 35 52 159 10.3 

13 0.024 2 854 W 37 40 159 10.4 

14 0.007 4 1,098 S 48.5 119 206 11.3 



Figure 2.6: Relationship between relative basal area increment and stand basal area 
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DISCUSSION 

What influences which individual trees are killed by bark beetles? 

There is much debate in the literature regarding whether the physiological 

status of host trees influences the performance of phytophagous insects and through 

what mechanisms. According to Larsson (1989), bark beetles (cambium feeders) react 

more positively to stressed host trees than do insects that suck, mine, chew, and form 

galls. Others have documented such a relationship for other conifer/bark beetle 

associations including lodgepole pine and mountain pine beetle (host resistance was 

measured by basal area growth/sapwood area growth) and for mixed pine species 
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(measuring tree vigor by radial growth) and resistance to the southern pine beetle 

(Waring and Pitman, 1980; Kushmaul et al., 1979). I found little evidence for a strong 

relationship between Douglas-fir vigor (measured by relative basal area increment) and 

whether a tree was beetle-killed, nearest neighbor, or control. This could be due to 

several factors. 

First, relative basal area increment might be an inadequate measure of a tree's 

resistance to attack by bark beetles. The variables used to measure tree vigor should 

reflect some characteristic that beetles can sense and respond to (Barbosa and Wagner, 

1989). It is possible that there exist other more sensitive indicators of Douglas-fir 

beetles' response to host stress such oleoresin exudation pressure (Rudinsky, 1966). 

However, given that this was a retrospective study, I was limited to using indices of 

tree growth derived from tree ring widths. 

Conversely, relative basal-area increment might be an adequate index of tree 

vigor, but there may be no association between it and death by bark beetles, especially 

during epidemic conditions. In beetle-killed Douglas-fir trees in Northern Colorado, 

Lessard and Schmid (1990) found an increase in relative growth rate for several years 

preceding an epidemic. It could be that beetles in the summer of 1991 in the Detroit 

Ranger District were so numerous that they could overwhelm healthy trees with their 

massive numbers. That the number of beetle-killed trees in a patch was not correlated 

with mean site vigor shows that small patches of one or two beetle-killed trees were 

not living in stands that were growing more vigorously; similarly, stands with many 

beetle-killed trees were not growing slower than other stands. 

A third possibility is that the sample size was inadequate to detect differences 

between beetle-killed trees and adjacent living trees at a 0.05 level of significance 

given the variability among trees. The data seem to support this possibility (Figure 

2.4). Of the fourteen maximum and minimum values of relative basal area increment 

(RBAI) for the most recent time period (1986-1990), only two of the maximum values 

and eight of the minimum values were for beetle-killed trees (Sites 2, 6, 7, 8, 9, 10, 

13, and 14). Furthermore, for sites 2, 8, and 10 the minimum value of RBAI was 

considerably lower than for the rest of the values for the site. This might indicate that 
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a single weak, slowing growing tree acted as a focal point for attack, attracting beetles 

that then attacked other neighboring trees at these sites. Lastly, I only sampled sites 

which contained at least one beetle-killed tree arid not the full range of conditions. It 

is possible that if I had randomly sampled other Douglas-fir stands that contained no 

beetle-killed trees, I might find meaningful differences between growth rates at those 

sites and the beetle-killed sites. 

It should be noted that the 0.05 level of significance is and arbitrary criterion, 

and does not reflect whether differences are biologically meaningful versus statistically 

significant. In the ANOVA's performed at each of the invididual time periods, three 

of the eight had p-values under 0.10. Some have suggested that 0.10 might be a more 

realistic standard to judge the significance of physiological data (Kermit Cromack, 

pers. comm.). According to these criteria, I could interpret that there were differences 

in RBAI between the three categories of trees for time periods between 1966 and 

1980. 

Within a site, the variables dbh, sapwood radius, RBAI, and presence of visible 

injury did not contribute to the likelihood that a tree was dead. Thus for the fourteen 

sampled sites it appears that once the pioneer beetles located an attractive host tree, 

further colonization of other hosts within that area occurred irrespective of tree size, 

injury, or relative growth rate. This contrasts with the findings of Fumiss et al. (1979) 

who found that the rate of successful attack of Douglas-fir in northern Idaho increased 

with tree age and diameter at breast height. Theoretically, there is a critical minimum 

dbh below which trees cannot be successfully attacked because the phloem is too thin 

to support the beetles. Stands in the Detroit Ranger District are considerably older 

than those sampled by Fumiss et al. (approximately 50 percent of the area is in 80+ 

year age classes) so perhaps all Douglas-fir in the sites I sampled were above the 

critical dbh 

Only stand basal area significantly contributed to explaining variation in RBAI 

(1986-1990) between the sites. This is an intuitive result because one would expect 

competition to be more intense and growth rates to be lower in stands with large 

volumes of biomass. Similarly, Kushmaul et al. (1979) found an association between 
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pine stand with high basal area and incidence of southern pine beetle attack. They 

implicated increased tree to tree competition in stands with higher basal area as the 

indirect causal factor. The lack of association between mean site growth rate and 

other variables such as aspect, elevation, and solar radiation might be due to the small 

sample size (N = 14), differences in age class between the sites, or some other 

unmeasured variables. 



CHAPTER 3: LANDSCAPE SCALE STUDIES 

INTRODUCTION 

Traditional ecologists have spent considerable time describing how ecological 

processes create characteristic patterns. In contrast, landscape ecologists focus on the 

effects of pattern upon ecological and physical processes (Turner, 1989, 1990). For 

example, landscape heterogeneity can enhance or retard the spread of disturbance 

across a landscape, depending upon the disturbance (Perry, 1988; Turner, 1989). Tree 

mortality represents an end result of the processes of beetle dispersal, colonization, and 

reproduction (Figure 3.1). Given this inherent complexity of the study landscape, I 

hypothesized that certain areas in the landscape would be more susceptible to beetle 

kill than others, thus differentially affecting beetle population processes. In this 

chapter I investigate whether the pattern of dead trees across the landscape was 

consistent with where I expected the weak-trees to be. I defined pattern as the 

non-random distribution of beetle-kill patches with respect to topographic variables, 

physical variables, networks of linear landscape features, and the distribution and 

arrangement of forest cover types. 

RATIONALE 

Using map overlay techniques within a geographical information system, the 

distribution of beetle-kill patches was examined with respect to other data layers. 

Relevant questions included: 

*Is the distribution of patches of beetle kill throughout the landscape random, 

aggregated, or regular? 

*Is the presence of beetle-kill associated with landscape pattern or indices of 

fragmentation? 

*Is there an association between the distribution of beetle kill in the landscape 

and topographic variables (slope, aspect, elevation)? 
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Figure 3.1: Relationship between processes of bark beetle dynamics and vegetation 
patterns 
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*Do forests occupying positions in the landscape that might be more stressed 

by higher solar radiation loads, potential evapotranspiration, or moisture 

limitations experience more beetle kill? 

* Is there an association between patches of beetle-kill and linear landscape 

features such as abrupt forest edges (the boundaries of clearcuts) or road and 

stream networks? 

*Are any of the measured site variables that correlate significantly with mean 

stand vigor also significantly associated with the presence of beetle killed trees 

at the landscape scale? 

METHODS 

Study Site 

The distribution of patches of beetle kill within a section of the Detroit Ranger 

District and the adjacent Mt. Hood National Forest was analyzed in a geographical 

information system (ARC/INFO). The beetle-kill overlay was generated from a set of 

color-infrared air photos taken late in the summer of 1992. The foliage of dying trees 

turns red as the photosynthetic pigments degrade, and the canopies of these "red 

topped" trees appear yellowish-grey in color-infrared photography. The approximately 

12,000 ha area spanned the Mother Lode and Breitenbush 7.5 minute U.S.G.S. 

quadrangles (top left corner: 45° 52' 30", 122° 07' 30"; bottom right corner: 44 ° 45', 

121° 52' 30") and represents approximately 10 percent of the total area of the Ranger 

District. Eight of the stand level plots (discussed in Chapter 2) fell within this area. 

Data Sources 

The data analyzed in the following studies were collected from a variety of 

sources described below. A map of the distribution of patches of beetle-kill was 

created by air photo interpretation. This map was overlaid on various other maps 

which came from the Forest Service, were derived from satellite imagery, or were 

calculated in models and exported into the geographic information system. 



Sampling Design and Data Collection 

Photointerpretation 

Seventeen overlapping air photos were used to create a "beetle-kill overlay". 

The representative fraction or scale of the air photos varied between approximately 

1:14,000 and 1:16,000 due to variations in the flying height of the plane. Overlap and 

sidelap between photos selected for digitizing was approximately 10 percent. Before 

digitizing, a mylar grid was placed over each air photo and bark beetle killed trees 

were identified by their yellowish-grey canopies. A magnifying glass (8x) facilitated 

identification of the dead trees. The approximate number of greyish yellow canopies 

in each patch of dead trees was recorded on the mylar overlay. Single dead trees were 

left out of the coverage because they might be confused with snags or individual dead 

trees of other species. 

The spatial coordinates and number of dead trees in each patch were digitized 

as polygons from the airphotos using a personal computer, digitizing tablet, and the 

software program MDSD (Mono-Digitizing Stereo-Digitizing). By registering 

individual air photos to an orthophotoquad and a digital elevation model, the MDSD 

software corrects for relief displacement and thus enhances the positional accuracy of 

resulting maps. The location of each patch of dead trees in Universal Transverse 

Mercator coordinates (UTM) and the number of dead trees were exported to a 

geographical information system (ARC/INFO). The accuracy of the beetle-kill 

coverage was assessed by ground-truthing (Appendix 1). 

The beetle-kill coverage was edited in the ARC/INFO program arcedit. 

Supplemental maps that the beetle-kill coverage was interfaced with were created at a 

scale of 1:24,000. At a scale of 1:24,000 patches of beetle-kill are essentially points, 

not polygons. Thus for map overlay purposes, the beetle-kill coverage was 

transformed into a point coverage based on the centroid of the patch polygon. 
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Vegetation Features 

A classified 1988 Thematic Mapper Satellite image (25 ni2 resolution) was used 

as a vegetation base map (Cohen et al., 1994). Features were classified into 7 

classes: water, hardwood/conifer forest (open, semi-open, and closed), and coniferous 

forest (young, mature, and old growth). The open class contained less than 30% 

cover of hardwood or conifer and could be interpreted as land which had been recently 

disturbed (e.g. clear cut). Semi-open hardwood/conifer stands contained between 30 

and 85 % vegetation cover. Closed canopy hardwood/conifer had greater than 85% 

cover and at least 10% hardwood component. Coniferous forests are divided into 

three age classes: young (15 - 80 yr), mature (80 - 200 yr), and old growth (> 200 yr). 

The overall accuracy of the classification scheme was 82% (Cohen et al., 1994). The 

point map of beetle kill patches was overlaid on the vegetation map. Potentially 

suitable beetle habitat was then defined as vegetation classes that had at least one 

beetle kill patch in the center of at least one polygon. Based on these observations, 

young, mature, and old growth coniferous forest were considered to be potentially 

suitable beetle habitat in subsequent calculations. 

Point Pattern Analysis 
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Point pattern analysis is a group of statistical tools used to examine the 

dispersion and arrangement of points within a study area (Boots and Getis, 1988). 

There are three fundamental types of point patterns: complete spatial randomness, 

clustered points, and regularly spaced points (Boots and Getis, 1988). Second-order 

analysis provides a method for quantifying the scale(s) at which a collection of 

mapped points exhibits clustering or inhibition (i.e. a regular spacing). This method 

compares the number of observed pairs with the expectation at all distances, taking 

into consideration the density of points, the borders, and the sample size (Boots and 

Getis, 1988). The formula for calculating the cumulative distribution of inter-point 

distances was developed by Ripley and is referred to as Ripley's K (Boots and Getis, 

1988). In practice, values of K(d) are transformed by the square root function to make 
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them linear and to stabilize the variance (Moeur, 1993). The observed pattern, referred 

to as L(d), is compared to confidence intervals created by generating random patterns 

by Monte Carlo simulation (Moeur, 1993). 

An 8.9 km2 area was clipped out of the beetle kill point coverage and exported 

as X and Y coordinates. A computer program developed by P.J. Diggle called "K2" 

was obtained from Rick Busing. "K2" calculated L(d) and generated approximate 95% 

simulation envelope (confidence intervals) from 19 Monte Carlo simulations (Moeur, 

1993). K2 requires perfectly square plots. Thus in clipping the square out of the 

beetle kill coverage an effort was made to include the largest area possible, regardless 

of the apparent distribution of points. The program calculated L(d) for distances from 

0 to 4,500 m, at fifty meter lags. The maximum lag distance cannot exceed half of 

the length of a side of the plot. 

Landscape Pattern Analysis and Fragmentation Indices 

Landscape structure is thought to influence the population dynamics of many 

animals such as interior-forest dwelling bird species (Lynch and Whigham, 1984). 

Nobody yet has examined the relationship between landscape structure and bark beetle 

dynamics. However, many have hypothesized that areas which have been fragmented 

by landuse activities such as logging might be more susceptible to beetle attack 

because of edge effects or other factors (Franklin and Forman, 1987). In order to 

relate landscape structure and indices of forest fragmentation to the presence or 

absence of beetle kill patches, landscape pattern needed to be described and quantified. 

"Fragstats" is a computer software program which calculates a number of landscape 

metrics for individual patches, class or cover type statistics, and landscape-level 

summary statistics (McGarigal and Marks, 1994). The program "window" was a spin- 

off of Fragstats. "Window" moves a user-defined square window across a gridded 

landscape and calculates the value of one of seven class metrics for a chosen cover 

type. The value of the cell at the center of the window is replaced with the value of 

the class metric for the window. Thus the output of "window" is a new landscape 

containing the values of the chosen class metric for every window examined (referred 
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to as class index maps). The seven possible class metrics that "window" computes 

are: percent of the window in the chosen class (cover) type, number of patches, mean 

patch size, patch size coefficient of variation, edge density, mean nearest neighbor 

distance, and nearest-neighbor coefficient of variation (refer to Appendix 2 for the 

equations and to Table 3.1 for descriptions). 

The vegetation map (derived from the TM image) was subjected to further 

processing before the analyses in order to reduce the computer time necessary to run 

"window". The mature conifer (80 - 200 yr) was merged with the old-growth cover 

type to form one category, old conifer. The two water polygons were merged with the 

open cover class. All polygons less than 5 ha in area were merged with the old 

conifer cover class. The old conifer class was the predominant cover type thus it 

functioned like a matrix. So merging small polygons with it reduced with number of 

polygons instead of creating small old conifer polygons. Smoothing the coverage 

reduced the original number of polygons from approximately 9,000 to approximately 

2,000. However, a visual comparison of the smoothed landscape to the original 

landscape revealed that smoothing did not degrade the shape or relative position of 

most large polygons. 

Each class metric was calculated twice using different window sizes, for a total 

of 14 "window" runs. The two window sizes were 0.45 km on a side (for a total 

window area of 20.25 ha) and 1.11 km on a side (for a total window area of 123.21 

ha). The window sizes were chosen to bridge 1 km, a distance at which point pattern 

analysis showed significant clustering of patches of beetle kill (see Results). A 

distribution of 330 random points was generated for comparison to the beetle kill 

coverage. Both point coverages (random and beetle kill) were overlaid on the 14 

class index maps and the distributions of class index values were compared using the 

Wilcoxon rank sum test described in Statistical Analyses. 



Table 3.1: Descriptions of class metrics calculated by "window" for the old conifer 
cover type (definitions are from McGarigal and Marks, 1994) 

Class Metric Description 

Percent of landscape percentage of the landscape in 
mature/old-growth conifer 

Number of patches number of mature/old-growth conifer 
polygons 

Mean patch size mean mature/old-growth patch size 

Patch size coefficient of variation variability in patch size relative to the 
mean patch size 

Mean nearest-neighbor distance average distance between patches of 
mature/old-growth 

Nearest-neighbor coefficient of variation variability in nearest-neighbor distances 
relative to the mean nearest- neighbor 
distance 

Edge density sum of all mature/old-growth edge 
lengths divided by total landscape area 
(converted to hectares) 

Physiographic Variables 

topographic features 

A digital elevation model (30 m resolution) was used to generate maps of 

aspect, slope, and elevation. Each topographic attribute was divided into eight classes. 

The beetle kill point coverage was overlaid on the feature map and the number of 

patches (points) in each feature class was calculated. The vegetation base map was 

overlaid on each topographic feature map to calculate the proportion of potentially 

suitable beetle habitat in each feature class. The expected number of beetle kill 

patches in each feature class was calculated by multiplying the proportion of 

potentially suitable beetle habitat occurring in that class by the total number of beetle 
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kill patches observed in the study area (381). The Chi-square statistical test that was 

used to analyze the data is described below under Stalislical Analyses. 

moisture stress and the topographic convergence index 

The topographic convergence index (TCI) gives some relative ranking of the 

potential drought stress of a 100 in2 gridded landscape based upon the slope and the 

number of uphill cells that drain into a particular grid cell (Bevin and Kirkby, 1979; 

Bevin and Wood, 1983; Zheng, 1993). The TCI is calculated from a digital elevation 

model and thus does not incorporate effects of soil depth and texture. The distribution 

of TCI values (which ranged from 1 for dry sites to 22 for wet sites) across the study 

landscape was visually compared to the distribution of beetle kill patches within grid 

cells of different TCI values. These data were not compared with statistical tools 

because I was analyzing the entire population of grid cells within the study landscape, 

and not a subsample. 

solar radiation 

Average annual and monthly solar radiation values were calculated for the 

study area using the model SOLARPDX (Brad Smith). The model calculates total, 

direct, and indirect radiation based upon aspect, slope, elevation, and latitude, but does 

not take topographic shading into account or allow one to vary cloud cover. 

Furthermore, the model was parameterized for forest east of the crest of the Cascades, 

so it could only provide a relative indication of solar radiation. The model output was 

imported into ARC to generate maps of solar radiation over the landscape. Each solar 

radiation map contained up to 512 unique values and over 30,000 polygons. Maps 

were simplified by dividing the total solar radiation values into 8 equally spaced 

intervals and reclassifying the landscape. The beetle kill point coverage was overlaid 

on the radiation maps and the observed and expected distributions of beetle kill 

patches were calculated and analyzed with Chi-square tests. 



potential evapotranspiration 

Potential evapotranspiration was calculated for January, April, and July using 

formulas outlined in Bonan (1989). In these formulas, mean monthly potential 

evapotranspiration was a function of mean daily solar radiation, mean monthly air 

temperature, and two site constants that incorporate elevation and saturation vapor 

pressure at the maximum and minimum mean daily temperatures for the hottest month 

of the year. Monthly solar radiation values (in cal cm-2) were obtained from 

SOLARPDX. The midpoints of the each of the eight classes of radiation and 

elevation were used as input values, for a total of 64 unique values of potential 

evapotranspiration. Mean monthly temperatures for January, April, and July were 

calculated from 38 years of meteorological records collected at the Detroit Dam. 

Similarly, maximum and minimum daily August temperatures (the warmest month of 

the year) were calculated from 20 years of records at Detroit Dam. The study 

landscape was divided into polygons based upon solar radiation and elevation, then 1 

of the 64 potential evapotranspiration values was assigned to each polygon. The 

landscape was then reclassified into 8 classes of potential evapotranspiration based 

upon the range of observed values. The distribution of beetle kill patches in each 

potential evaporation class was calculated for each map and analyzed with Chi-square 

tests. 

patch characteristics of selected data lavers 

Results from the point pattern analysis indicated statistically significant 

clustering of beetle-kill patches at the landscape scale. The patch characteristics of 

several data layers were calculated to see if any of the physiographic or management 

variables exhibited pattern at the same scale(s). The statistical characteristics of the 

distribution of polygons in the aspect, elevation, and total annual solar radiation were 

calculated with "statistics", an Arc/Info macro. "Statistics" calculated the mean 

polygon size (in hectares), the minimum, the maximum, and the standard deviation of 

polygon size. In addition to this, a data layer depicting the forest harvesting history of 

the area (derived from the TM image) was also analyzed. This map contained 
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information on the size, shape, and date of timber harvesting operations. The statistics 

for each map were calculated twice, once with all of the polygons and again with only 

the polygons that were larger than 1 ha. 

Edge Effects --Abrupt Edges Forest Cover Edges, Roads, and Streams 

Three types of edges were examined: abrupt changes in vegetation cover (e.g. 

clear edges or different stand age classes), road edges, and stream edges. The 

vegetation base map was simplified for purposes of edge analysis, because the 25 nii2 

classified image still had lots of "noise". A map depicting high contrasts between 

coniferous forest (potentially suitable habitat) and non-forest (water, open area, and 

semi-open hardwood/conifer mix) was created by filtering the original Thematic 

Mapper satellite image in the Arc/Info raster module GRID. Many of the patches in 

the semi-open hardwood/conifer mix fell at the periphery of the polygon, on the border 

with forest polygons. I believe this was due to positional error in the coverage 

because, when compared to the air photos, polygons classified as semi-open hardwood 

in the TM image appeared to be old clear cuts or other cover types unsuitable for bark 

beetles. Thus high contrast edges (between forest and nonforest) had buffers extending 

equally into the forested and nonforested side of the edge. The numbers of beetle kill 

patches in interior forest and in 100 m and 200 m wide buffers (50 m and 100 m on 

each side of the edge boundary, respectively) were calculated. 

Road and stream coverages were obtained from the Willamette National Forest. 

One hundred and two hundred meter wide (i.e. 50 and 100 m on each side of the 

linear feature) buffers were created around all roads and trails and streams (all stream 

orders) on separate coverages. The numbers of beetle kill patches within the buffer 

areas and in interior forest was then calculated. The two distributions were compared 

visually. These data were not compared with statistical tools following the same 

rationale outlined above for the TCI data. 



Statistical Analyses 

Differences in landscape metrics between the distributions of beetle-kill and 

random points were compared with a non-parametric statistic, the Wilcoxon rank-sum 

test. Frequency histograms of the metric values and the Wilk's-Shapiro test for 

normality revealed that distributions were highly non-normal. Transformations did not 

rectify this. Thus a non-parametric test based upon the ranks of the data was used as 

an alternative to the student's t-test which assumes normally distributed data. The 

rank-sum test pooled data across the classification (beetle-kill or random) and ranked 

each value with respect to the other values. Then the sum of the ranks for each class 

was computed and the Z statistic was calculated based upon the sum of the ranks and 

the number of observations in each class (Ramsey and Schafer, 1992). The p-value 

was calculated as the probability of observing a Z statistic from the standard normal 

distribution more extreme than the observed value (Ramsey and Schafer, 1992). 

Chi-square tests served to compare the observed number of patches to the 

expected number for the topographic data layers. Chi-square allows inferences about 

the overall shape of the two distributions (observed and expected) but does not allow 

one to make statements about which categories within the distributions are different. 

RESULTS 

Vegetation Classes 

Although beetle kill patches occurred in every vegetation category (Figure 3.2, 

Table 3.2), the majority (sixty-seven percent) fell within one of the coniferous 

vegetation categories. Twenty-four percent of the patches occurred within the semi- 

open vegetation class, which could contain some conifer component. However, closer 

examination of Figure 3.2 reveals that extremely few of the patches/points 

(approximately 1.4% of the total number of beetle-kill patches) occurred in interior 

semi-open polygons. Furthermore, the majority of the beetle-kill patches located in 

semi-open polygons were adjacent to coniferous forest polygons. As noted above, 

most likely these beetle kill patches were on coniferous forest edges that were adjacent 
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Point Pattern Analysis 

The actual 8.9 km2 point pattern is depicted in Figure 3.3. The observed values 

of Ripley's K indicated that there was statistically significant aggregation of patches of 

beetle kill at all spatial scales tested (0-4,500 m) (Figure 3.4). However, upon closer 

examination the values of L(d) peaked at an approximate lag of 1,000 m and again at 

lag 4,200 m. Thus, patches of beetle kill were clustered in 1 km2 patches and these 

large patches were further aggregated into 4 km2 patches. In sum, the analysis 

indicated clustering at three nested spatial scales: at the finest scale there was 

aggregation among individual trees into patches of beetle kill of 2 to 53 trees 

(represented by points in this analysis), these patches were clustered at a scale of 1 

Open 16 4.5 9.3 

Semi-open 86 24.4 27.9 

Closed hardwood 16 4.5 3.12 

Young conifer 49 13.9 9.63 

Mature conifer 53 15.0 12.3 

Old conifer 133 37.7 37.8 
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to the semi-open areas, but they had been misregistered in the process of 

photointerpretation or because the vegetation base map was prepared from 25 m 

resolution TM scene. The same is probably true for the small fraction of patches that 

occurred in open and closed hardwood areas. Thus, for all subsequent analyses, 

young, mature, and old growth coniferous stands were used to define potentially 

suitable beetle habitat. 

Table 3.2: Distribution of Beetle-kill (all-sized patches) with respect to vegetation 
cover types defined by the classified TM image 

Vegetation Class Number of beetle- Percent of total percent of total 
killed patches beetle-killed area occupied by 

patches this cover type 



km, and at a larger scale of approximately 4 km there was clustering of the 

aggregations of patches of beetle kill. 

Landscape Pattern Analysis and Fragmentation Indices 

The median values of the seven landscape metrics were calculated for the 

beetle-kill and random point distributions at the two window sizes (Tables 3.3 and 

3.4). For the smaller window size, three out of seven of the metrics had different 

median values for the beetle-killed and random distributions at the 0.05 significance 

level as measured by the Wilcoxon rank-sum test (percent class area, mean patch size, 

and edge density (Table 3.5). Two of the landscape metrics were significantly 

different between beetle-killed and random points at the larger window size, percent 

class area and mean patch size. Hence, beetle-kill patches have more old 

growth/mature forest in larger patches around them than the average habitat, especially 

at scales of approximately 20 ha; but the shapes of the patches of forest might be more 

complex around beetle-kill as is suggested by the higher edge density at the smaller 

window size. None of the measures of variability (patch size coefficient of variation 

or nearest neighbor coefficient of variation) were significantly different at either 

window, indicating that the ranges of the values around the mean were similar. 

46 



Figure 3.3: Actual point pattern used in calculating Ripley's K 
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Figure 3.4: Ripley's K over lag distance 
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Table 3.3: Values of landscape metrics in a 20.25 ha window surrounding beetle- 
killed and random points 
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Landscape metric Beetle-killed or 
random point 
distribution 

N median 

Number of patches beetle-kill 353 1 

random 323 1 

Percent class area beetle-kill 345 56 

random 331 42.5 

Mean patch size 
(ha) 

beetle-kill 345 7.2 

random 331 4.14 

Patch size 
coefficient of 
variation 

beetle-kill 345 0 

random 331 0 

Mean nearest 
neighbor distance 
(m) 

beetle-kill 345 0 

random 330 0 

Nearest neighbor 
coefficient of 
variation 

beetle-kill 345 0 

random 330 0 

Edge density 
(m/ha) 

beetle-kill 345 89 

random 330 41 



Table 3.4: Values of landscape metrics in a 123.21 ha window surrounding beetle- 
killed and random points 
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Landscape metric Beetle-killed or 
random point 
distribution 

N Median 

Number of patches beetle-kill 345 4 

random 330 4 

Percent class area beetle-kill 345 56 

random 330 46 

Mean patch size 
(ha) 

beetle-kill 345 16.74 

random 330 10.35 

Patch size 
coefficient of 
variation 

beetle-kill 345 1 

random 329 1 

Mean nearest 
neighbor distance 

(m) 

beetle-kill 345 2 

random 330 2 

Nearest neighbor 
coefficient of 
variation 

beetle-kill 345 33 

random 330 33.5 

Edge density 
(m/ha) 

beetle-kill 345 2 

random 330 2 



Table 3.5: P-values for Wilcoxon rank-sum tests of differences in landscape metrics 
between the beetle-kill point distribution and random points 

Physiographic Variables 

Topographic Factors 

The distributions of beetle kill patches in different aspect and elevation 

categories were statistically different from the expected distributions (x2 = 60.94, d.f. = 

7, p<0.0001; 2= 44.8, d.f. = 7, p<0.0001, respectively), but there was no observed 

association between beetle kill and slope classes (xz = 9.93, d.f. = 5, p= 0.135) 

(Figures 3.5). From visual inspection of the frequency histograms, bark beetle killed 

patches were more prevalent on eastern, southern, and southwestern slopes. There 

appeared to be less beetle kill than expected on northern and northwestern slopes. The 

frequency distribution of beetle kill patches across an elevational gradient was shifted 

downwards from the expected distribution. 
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Landscape metric Small window (20.25 ha) Big window (123.21 ha) 

Number of patches 0.3626 0.4143 

Percent area in mature 
forest 

0.0001 0.0001 

Mean patch size 0.0001 0.0001 

Patch size coefficient of 
variation 

0.5911 0.4858 

Mean nearest neighbor 
distance 

0.3626 0.8891 

Nearest neighbor 
coefficient of variation 

0.1261 0.9942 

Edge density 0.0001 0.3571 



Figure 3.5: Frequency distributions of beetle-killed patches with respect to a) 
elevation, b) aspect, and c) slope 
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Solar Radiation 

The observed frequency of beetle kill was higher in parts of the landscape that 

received more total annual solar radiation than the expected frequency as predicted 

from the results of the aspect and elevation maps (x2 = 43.33, d.f.= 7, p < 0.0001) 

(Figures 3.6 and 3.7). In order to investigate if this pattern varied with monthly solar 

radiation loads, mean monthly solar radiation loads were calculated (Table 3.6). 

January, April, and July were selected for further analysis because they represented 

nearly the full spectrum of monthly values. The proportion of the landscape in 

different (equal interval) radiation classes differed between the months, especially for 

January (Figure 3.8). In January more of the landscape fell into the lower radiation 

classes, while in April and July more of the landscape was in higher radiation classes. 

However, in each of the months the pattern of more beetle kill in areas with higher 

monthly radiation loads and less beetle kill in areas of lower radiation was apparent. 

Chi-square tests showed highly significant differences between the observed and 

expected distributions for January, April, and July (x2 = 38.58, d.f.= 7, p <0.0001; 2C2 

= 33.89, d.f.= 7, p < 0.0001; 2C2 = 35.30, d.f.= 7, p < 0.0001, respectively). In other 

words, beetle-kill patches tended to fall into portions of the landscape with more solar 

radiation. Because the p-values were all highly significant they cannot be used to 

compare the strength of the differences in observed and expected distributions for a 

given month between the 3 months. 
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Figure 3.7: Observed and expected frequency distribution of bark beetle patches with 
respect to total annual solar radiation class (cal/cm2) 
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Figure 3.8: Observed and expected frequency distributions of bark beetle patches with 
respect to different a) January, b) April, and c) July radiation loads 
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Table 3.6: Contribution of monthly total radiation (summed over the entire study area) 
to the total annual quantity 

Month Percentage of Total Annual Radiation 

January 3.3 

February 4.6 

March 7.8 

April 10.4 

May 13.1 

June 13.6 

July 14.2 

August 11.8 

September 8.7 

October 6.0 

November 3.7 

December 2.9 

Potential Evapotranspiration 

Monthly potential evapotranspiration for January, July, and April matched the 

plots of monthly solar radiation (Figures 3.9). Not surprisingly, for each of the three 

months examined, the distributions of observed beetle kill across the PET classes were 

statistically different from the expected distributions (x2 = 30.38, di. = 7, p < 0.0001; 

X2 = 36.30, d.f. = 7, p <0.0001; X2 = 35.30, di. = 7, p < 0.0001, respectively). Thus, 

beetle-kill patches tended to fall into areas in the landscape with higher potential 

evapotranspiration values. 



Figure 3.9: Distribution of beetle-kill patches with respect to a) January, b) April, and 
c) July potential evapotranspiration classes 
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Moisture Stress and the Topographic Convergence Index (TCI) 

The distribution of beetle kill patches in different TCI categories did not appear 

very different from the overall distribution of TCI values across the landscape (Figures 

3.10). 

Figure 3.10: Distribution of the study landscape and beetle kill patches into 
topographic convergence index classes 
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Patch Characteristics of Selected Data Layers 

A comparison of the total number of polygons with the polygons larger than 1 

hectare showed that the majority of polygons in each of the four maps examined were 

smaller than 1 ha (Tables 3.7 and 3.8). Thus the mean and standard deviation of 

polygon size varied dramatically depending upon whether one considered the entire 

landscape or the polygons larger than 1 hectare. The mean size of polygons in the 

aspect, solar radiation, and clear cutting map ranged from 0.89 to 1.96 ha considering 

all polygons, and from 5.68 to 8.02 for polygons larger than 1 ha. In contrast, mean 

elevation polygon sizes were two orders of magnitude larger than the mean polygon 

size for the other maps. 

Edge Effects 

Of the three types of edges studied (abrupt or clear cut edge, road edge, and 

stream or riparian edge), the only apparent difference between the frequency of beetle 

kill patches in the buffer and in interior forest area was in 200 m stream buffers (Table 

3.9). It appears that beetle kill was present in greater proportions within the 200 m 

stream buffers. 

Table 3.7: Patch statistics for aspect, elevation, total solar annual radiation, and forest 
harvesting maps using all polygons 
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Data layer Number of Minimum Maximum Mean size Standard 
polygons size (ha) size (ha) (ha) deviation 

Aspect 9,073 0.002 171.87 1.96 7.23 

Elevation 106 0.051 2,242.70 167.78 408.69 

Solar 11,887 0.004 773.49 1.50 9.98 
radiation 

Clear 2,847 0.029 44.06 0.89 2.84 
cutting 
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Table 3.8: Patch statistics for aspect, elevation, total solar annual radiation, and forest 
harvesting maps for polygons greater than 1 ha 

Data layer Number of Minimum Maximum Mean Size Standard 
polygons size (ha) size (ha) (ha) deviation 

Aspect 2,038 1.06 171.87 8.02 13.62 

Elevation 75 1.03 2,242.70 236.97 469.48 

Solar 2,203 1.00 773.49 7.08 22.35 
radiation 

Clear 372 1.06 44.06 5.68 5.93 
cutting 

DISCUSSION 

Is them any pattern to the distribution of beetle-killed patches at the landscape scale? 

Point Pattern Analysis 

Point pattern analysis by Ripley's K indicated clustering of patches of beetle- 

kill at a scale of 1 km and further aggregation of these clusters at a scale of 4 km. At 

the finest scale, the spatial distribution of dead trees in groups of 2 to 53 can most 

likely be explained by the pheromonally-induced aggregating behavior of the beetles. 

The statistically significant aggregation of patches of beetle-kill at approximately 1 km 

and 4 km suggests that some underlying factors create pattern at a scale of 1 to 4 km. 

These underlying factors could be biological (e.g. beetle pheromones might only be 

effective over a distance < 1 km), physical (e.g. warmer, southern aspects might occur 

in 1 km2 patches), or the consequence of forest management practices (e.g. the 

distribution of suitable habitat across the landscape might be a function of previous 

cutting history). 



Land Category 

100 m forest 
edge buffer 

Forest interior 
to 100 buffer 

200 m forest 
edge buffer 

Forest interior 
to edge buffer 

100 m road 
buffer 

Forest interior 
to road buffer 

200 m road 
buffer 

Forest interior 
to road buffer 

100 m stream 
buffer 

Forest interior 
to stream 
buffer 

200 m stream 
buffer 

Forest interior 
to stream 
buffer 
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Table 3.9: Distribution of beetle-kill patches in interior forest and various buffer types 

A definitive explanation of the mechanisms responsible for the observed pattern 

of clustering of beetle-kill at two spatial scales will require further experiments. 

Area (ha) Expected 
percentage of 
total area for 
coverage 

Number of 
beetle kill 
patches 

Observed 
percentage of 
total patches 
for coverage 

5,709.8 49.1 159 50.8 

5,928.7 50.9 154 49.2 

9,702.3 71.7 244 72.6 

3,832.5 28.3 92 27.4 

1,365.8 13.4 32 12.5 

8,825.0 86.6 233 87.5 

2,551.8 25.0 64 25.1 

7,638.9 75.0 191 74.9 

1,834.1 18.0 54 21.2 

8,356.6 82.0 201 78.8 

3,494.7 34.3 116 45.5 

6,696.0 65.7 139 54.5 
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However, with some of the work in this thesis, I could look for associations between 

beetle-kill and the measured landscape features. Patch level statistics for aspect and 

total annual solar radiation showed that the mean patch size (excluding polygons less 

than 1 ha) was around 6.5 ha, much less than the observed 1 km2 (100 ha) scale of 

beetle-kill patch clustering. However, the range of patch sizes for aspect and solar 

radiation included large polygons (171.78 and 773.49 ha, respectively), which could 

influence the clustering of beetle-kill patches. Similarly, mean elevation patch size 

was 237, excluding small polygons. Patches of beetle-kill could be clustered in certain 

elevation bands. Inferences from these observations should be approached with 

caution because patch size standard deviations were larger relative to the means, 

indicating that patch sizes were not normally distributed. Furthermore, the mean 

polygon area says nothing about the shape of the polygons or the juxtaposition of 

different cover types. 

The distribution of beetle-killed patches across the landscape is necessarily 

superimposed upon the distribution of Douglas-fir. The practice of clearcutting has 

punched holes in the matrix of conifer forests (Franklin and Forman, 1987). The 

largest clearcut was 44.06 ha. The dispersion of clearcuts with respect to other 

patches of suitable habitat was not examined. However, it is quite possible that the 

spatial arrangement of clear cuts is responsible for clustering of beetle-kill patches by 

partitioning the matrix of old conifer into patches of 1 and/or 4 km. While these 

observations could potentially explain the clustering of beetle-kill patches, they should 

be approached with caution due to the caveats listed above. 

Landscape Pattern Analysis and Fragmentation Indices 

Two types of inferences can be drawn from these results: inferences among the 

seven measured landscape variables at each window size and inferences comparing 

how the significance of those variables changes with window size. At the smaller 

window size (20.25 ha), beetle-killed patches occurred in areas where there was more 

mature/old-growth conifer cover, where old conifer patches were larger than those in 

random windows, and where there was a higher density of edges. It is tempting to 
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conclude that the conifer polygons in the beetle-kill have a more complex shape than 

those in random windows (i.e. greater edge density = longer boundaries). The ratio of 

the median edge density to the median of the mean patch size is 12.4 for the beetle- 

kill windows and 9.9 for the random windows. This certainly suggests differences in 

the shape of mature/old-growth conifer patches between beetle-kill and random 

habitats. However, it is difficult to make conclusions about the degree of 

fragmentation of the conifer cover type because the mean nearest neighbor distance 

between mature/old-growth patches was 31.8 m for the beetle-kill windows and 39 m 

for the random windows (the p-value for the t-test of no significance was 0.3626). 

This indicates that the patches of mature/old-growth conifer were very close together 

and perhaps function as contiguous patches. 

The proportion of mature/old-growth conifer was greater for beetle-kill 

windows at the larger (123.21 ha) size and mean patch size was also bigger, but there 

was no difference in edge density. Thus, at the scale of roughly one square kilometer 

there are differences in certain vegetation features around beetle-kill patches compared 

to random points. 

Landscape features at the finer scale were more strongly associated with the 

presence of beetle-kill. The vegetation cover type characteristics of mean patch size, 

edge density, and the proportion of the landscape window in mature/old-growth were 

correlated with the presence of beetle-kill at the small scale, and mean patch size and 

proportion mature/old-growth were the only significant factors at the larger scale. The 

proportion of mature/old-growth conifer was roughly the same surrounding beetle-kill 

patches at both window sizes (median values of 56 and 56 percent) and in the random 

windows (median values of 42 and 46 percent). Edge density was the only metric that 

was significant at the smaller window but not at the larger window. One could take 

these results and hypothesize that the controls on the presence of beetle-kill were 

slightly different at the two spatial scales examined. Perhaps the proportion of suitable 

habitat (mature/old-growth) in a large area determines whether the land will be 

susceptible to beetle-kill but the actual configuration of that habitat at a finer scale 

(e.g. patch size and shape or edge characteristics) determines the location of beetle 
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activity. The window size was chosen to span a 1 km2 area, the first scale at which 

point pattern analysis showed a peak in aggregation of beetle-kill patches. I predict 

that at larger window sizes, (e.g. 200 ha), the difference in the amount and patch size 

of mature/old growth forests would become less pronounced. 

Physiographic Variables 

Patches of beetle-kill were not randomly distributed with respect to aspect, 

potential evapotranspiration, solar radiation, and elevation categories. It is difficult to 

assess the relative strength of the association between beetle-kill patches and different 

physiographic variables because many of them are related. What can be concluded is 

that for this area in the Detroit Ranger District, beetle-kill appeared more frequently on 

southern, southwestern, and eastern aspects, which tend to get more solar radiation and 

have higher potential evapotranspiration. Others have documented a higher proportion 

of patches of Douglas-fir beetle-killed trees in Idaho on "warmer" aspects (Furniss et 

al., 1979). 

There are two plausible explanations for these observations, which are not 

mutually exclusive. Trees growing on southern aspects might grow less vigorously 

due to increased moisture stress (Kaufmann and Ryan, 1986). This could render these 

trees less resistant to the beetle. Alternatively, the initial dispersal flight of the beetle 

at marginal temperatures is thought to be oriented towards warmer places in the stand, 

in the absence of monoterpene attractants from dead or weakened trees (Rudinsky, 

1966). This behavior could possibly account for the nonrandom distribution of beetle- 

kill, especially during an epidemic year when fewer host trees are weakened host trees 

and beetles are numerous. 

The greater occurrence of beetle-kill patches in lower elevations than expected 

(Figure 3.5) could reflect changes in species composition across the elevational 

gradient. At elevations anywhere above 610 to 1,500, m species composition shifts 

from being dominated by Douglas-fir to having a greater true fir component (Franklin, 

and Dyrness, 1973). While I do not have detailed information about the distribution of 

Douglas-fir with respect to elevation zones in the Detroit Ranger District, I observed 
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more Douglas-fir-dominated stands in elevations around 700 - 1,000 m, compared to 

higher elevations. Not surprisingly, the frequency of Douglas-fir beetle-killed trees in 

a stand depends upon the proportion of Douglas-fir in that stand. 

There was little evidence of an association between beetle-kill and percent 

slope or the topographic convergence index (TCI). The TCI is related to slope values, 

so it is not surprising that the same results were found. Negative results such as these 

do not allow one to conclude that moisture stress and slope are unimportant in 

lowering tree resistance to attack. The TCI is calculated in 100 m2 grid cells from 

topographic information and does not include measures of soil depth or texture Thus 

it is possible that the TCI is an inadequate measure of moisture stress for these 

purposes. 

Edge Effects 

Certain microclimatic and stand conditions change with increasing distance 

from linear networks or forest boundaries. For example, researchers have noted 

different plant species composition adjacent to streams (riparian forests) compared to 

interior forests. Similarly, the incidence of the Douglas-fir black root-stain pathogen 

(V erneieladiella wagnerii) in young stands is more prevalent adjacent to road networks 

than 25 meters into the stand (Hansen, 1978). Abrupt forest edges such as those 

created by clear cutting or the juxtaposition of different forest age classes can also 

influence species distributions, physical processes, and ecological processes. For 

example, trees are thought to be more susceptible to wind throw along clearcut edges 

than in interior forest (Gratkowski, 1956; Perry, 1988). Chen et al. (1992) found 

increased tree mortality along clearcut edges, despite increased growth rates of 

Douglas-fir and Western hemlock relative to forest interior trees. Given these 

observations, it was reasonable to hypothesize that the distribution of patches of 

beetle-kill might be differentially affected by linear networks or edge features. 

My results do not show any strong evidence for differential distribution of 

beetle-kill patches near or away from forest edges or road networks. It should be 

noted that the vegetation map was derived from satellite imagery with a resolution of 
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25 m, thus there is room for error in delineating the boundaries between cover types. 

About 10% more beetle-kill patches than expected fell within 200 meter buffers 

around streams. No statistical tests were performed so it is difficult to conclude if this 

is a real difference or can be attributed to chance variation. 

The distribution of beetle-kill within TCI units appears to show a slight 

increase at unit 9 (in wetter areas), so these results are not necessarily conflicting. 

Woody trees are often adversely impacted by excess soil moisture (Gill, 1970). The 

symptoms of such stress can appear similar to those of drought stress, e.g. decreased 

growth rates and increased susceptibility to disease (Gill, 1970). Thus it is possible 

that Douglas-fir trees in riparian zones exhibit higher incidence of beetle-kill because 

of the effects of increased soil moisture. 

In summary, there was strong evidence that beetle-kill is differentially 

distributed with respect to certain landscape scale factors. Over the study area, patches 

of beetle-kill appeared aggregated at a scale of 1 and 4 km. There were strong 

associations between beetle-kill patches and physiographic factors. Beetle-kill patches 

occurred more frequently in portions of the landscape that received more solar 

radiation and had potentially greater moisture stress. The characteristics of the 

vegetation surrounding beetle-kill patches were different from those surrounding 

random points at two spatial scales. In contrast, there was little evidence for 

differential occurrence of beetle-kill adjacent to or away from linear features. Lastly, 

none of the variables that were measured at both the stand and landscape scales 

(aspect, elevation, slope, solar radiation, and potential evapotranspiration) were 

significantly correlated with the occurrence of beetle-kill at both scales. However, the 

strong correlations between the occurrence of beetle-kill and landscape scale vegetation 

and physiographic factors suggests that the processes of bark beetle dynamics are 

reflected in these patterns. 



CHAPTER 4: TEMPORAL RECORDS OF BEETLE ACTIVITY 

INTRODUCTION 

The epidemiological model of bark beetle dynamics presented in the 

Introduction predicts that Douglas-fir beetle epidemics will follow major disturbance 

events that provide an abundance of suitably weakened host trees (Fumiss and Carolin, 

1979). The beetles can build up high population densities in the weakened or recently 

dead host trees and then subsequent generations invade healthy trees with large enough 

attack densities to overcome host defense mechanisms. The implication of this is that 

density-independent factors (e.g. climate) are more important in regulating beetle 

populations than density-dependent factors (e.g. specialized predators and intraspecific 

competition). 

A second implication is that a temporal sequence of disturbance events exists. 

Many anecdotal accounts of large windstorms or fires preceding Douglas-fir bark 

beetle epidemics exist in the literature (Cornelius, 1955; Fumiss, 1936; Johnson and 

Belluschi, 1969; Smyth, 1959). Windstorms seem to be a particularly frequent 

precursor of Douglas-fir beetle epidemics in populations on the West Coast (Furniss et 

al., 1979). For example, Cornelius (1955) reports that between 1949 and 1954 eleven 

and one half billion board feet of timber blew down during severe windstorms in 

Oregon and Washington; the subsequent beetle-induced tree mortality totaled 3.5 

billion board feet of timber. There is a similar presumed relationship between drought 

and bark beetle epidemics (Mattson and Haack, 1987). 

The alleged close linkage between beetle epidemics and other disturbances 

(especially windstorms) suggests potential interactions between bark beetle dynamics 

and management activities that alter the frequency, intensity, or duration of precursor 

disturbances. For example, fragmentation of the forest cover by dispersed patch clear- 

cutting is known to increase the probability of windthrow along edges (Perry, 1988). 

However, no one has explicitly addressed the effect of forest fragmentation upon bark 

beetle population dynamics in an observational or experimental setting (Perry 1988; 

Schowalter and Means, 1988). Neither has anyone rigorously tested the assumed 
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relationships between Douglas-fir beetle epidemics and precursor disturbances 

(although this has been done for the Southern pine beetle by Turchin et al., 1991). 

Wise forest management plans must include an understanding of how management 

practices might directly or indirectly affect beetle population dynamics. An 

understanding of the importance of density-dependent versus density-independent 

regulatory processes will facilitate this understanding. It is also important to 

understand the role that beetle epidemics play within the context of other disturbance 

regimes. 

RATIONALE 

Long term records of population density provide insights into the nature of bark 

beetle disturbance as well as population regulation mechanisms. The objectives of the 

studies that follow were: i) to utilize long term records to characterize beetle damage 

as a disturbance regime, ii) to investigate evidence of density-dependent population 

regulation, and, iii) to investigate the relationship between beetle population dynamics 

and climatic phenomena (windstorms and drought). 

METHODS 

Study Site and Data Sources 

The U.S. Forest Service has conducted annual aerial surveys of all Region 6 

(Pacific Northwest) forest lands since approximately 1951. The purpose of the flights 

was to map and quantify the damage caused to trees by insect pests, diseases, wind 

storms and other physical agents. From 1951 to 1967 the damage was recorded in 

units of acres of land affected by particular mortality agents. Values for acres 

damaged annually include all intensities of damage (i.e. low intensity = 1 beetle-killed 

tree per acre, medium = 2 trees per acre, and high= 3 trees per acre). In 1968 the 

Forest Service began recording the numbers of individual trees affected as well as total 

acreage. The findings of the surveys are reported annually by administrative area 

(Forest Pest Conditions in the Pacific Northwest Reports). Because the results are 



70 

reported in absolute areas affected, they do not reflect how damage to forests has 

changed as the total amount and distribution of forest age classes has changed over 

time. Furthermore, they do not incorporate estimates of how beetle populations were 

influenced by efforts to stave off epidemics by the salvage logging of windthrovvn 

trees. Despite this, and differences in the accuracy of the surveys from year to year, 

these are the only long term records of Douglas-fir beetle dynamics for this area. 

I obtained access to these reports and the raw data at the U.S. Forest Service 

Region 6 Forest Pest Management office in Portland. Three nested spatial scales were 

analyzed: the state of Oregon (97,076 mi2), the Willamette National Forest (1,675,407 

acres), and the Detroit Ranger District (301,573 acres). The records include Douglas- 

fir beetle kill in Oregon from 1951-1993 (acres), in the Willamette National Forest 

from 1956-1992 (acres, and in numbers of trees killed from 1969-1992), and in the 

Detroit Ranger District from 1969 to 1992 (numbers of trees killed). The time series 

for the state of Oregon was missing a datum for the total number of beetle-kill acres in 

1983, so I estimated this as the mean of the values for 1982 and 1984. 

A list of severe windstorms that caused unusual amounts of blow-down 

throughout Oregon was compiled from Forest Pest Conditions in the Pacific Northwest 

Reports, the Columbia Basin States Climatological Handbook (1951-1962) and the 

monthly Storm Data and Unusual Weather Phenomenon reports (National Climatic 

Data Center, 1962-1990). Large windstorms were noted in 1951, 1952, 1958, 1962, 

1964, 1970, 1971, 1981, and 1990. 

Annual precipitation records were obtained for 6 locations from the State 

Climatology Office on the campus of Oregon State University. The sites were chosen 

to include most of Oregon's climatic provinces (the coastal area, the southwestern 

valleys, north central, south central, northeast, and the northern Cascades). The 

records span the period 1951 to 1993. Certain years did not contain data for all 6 

sites, but every year contained values for at least 4 stations. Values from each 

meteorological station were averaged to get mean annual Oregon precipitation values 

(in inches). A drought index which measured the annual deviation from the 42 year 

mean annual precipitation was constructed and used in the analysis of the Oregon data. 
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A different drought index that reflected the hydrologic year was used for the 

Willamette National Forest and Detroit Ranger District data because of the availability 

of long term records of monthly precipitation values for Detroit Dam in the Detroit 

Ranger District. Annual precipitation was calculated from monthly values by 

summing precipitation values for the months January to August and adding that sum to 

the sum of monthly values for September to December of the previous year 

(Graumlich, 1987). The precipitation index was then calculated as the annual 

deviation from the long term mean. 

Sampling Design and Data Collection 

Characterization of bark beetle activity as a disturbance Regime-- Bark beetle 

epidemics usually follow other disturbances and are often regarded as disturbances. In 

order to evaluate the importance of beetle outbreaks to forest ecosystem dynamics, we 

must have a common set of terms for describing and comparing different disturbance 

regimes. Disturbances are often characterized by their areal extent, magnitude, 

duration, and frequency (Sousa, 1984). The temporal records provide direct measures 

of the areal extent of beetle damage each year and the other three descriptors can be 

estimated from these records. 

The criteria used to define bark beetle epidemics are often subjective 

judgements of how much damage (in terms of board feet of timber) constitutes an 

unacceptable loss. For my purposes, beetle epidemics (i.e. beetle-kill above some 

background threshold) were defined according to the following criteria. For the 

Oregon data (which spans 42 years), any year in which the acreage affected by beetles 

was at least two orders of magnitude above the lowest value in the records was called 

an epidemic year. For the 37 Willamette National Forest records any year in which 

beetle activity affected at least 5,000 acres was considered an epidemic year. The 

frequency of epidemics was calculated by counting the years between the start of one 

epidemic and the start of the next. Note that frequency is not the same as return 

interval, which describes the time between beetle outbreaks for a particular piece of 

ground. Frequency connotes the time between outbreaks occurring anywhere in the 
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defined area. The duration of the event was taken to be the number of years during 

which mortality remained elevated. Lastly, the magnitude of the event was calculated 

as the number of orders of magnitude above the lowest values in the time series. 

Disturbance regimes were characterized for the Oregon and the Willamette acreage 

values which were the two longest time series. 

Statistical Analyses 

Time Series Analyses 

Time series analysis has been used to evaluate the complex dynamics of many 

different insect populations (Turchin, 1990; Turchin and Taylor, 1992). The 

autocorrelation function (ACF) and the partial autocorrelation function (PACF) are 

particularly useful tools for detecting direct or delayed density-dependent regulation 

and the order of the autoregressive process, respectively (Turchin et al., 1991; Box and 

Jenkins, 1976). The autocorrelation function plots the correlation between 

observations a given number of steps (called lags) apart against that number of lags for 

increasing values (Ramsey and Schafer, 1993). Probability limits for the ACF are 

calculated as "zero plus and minus the standard errors for each coefficient" 

(Statgraphics, 1993). The partial autocorrelation function is "the correlation between 

residuals ; and e after controlling for the contributions to both residuals made by 

the intervening residuals, { et,},...,;_/1" (Ramsey and Schafer, 1993). Probability 

limits for the PACF are calculated as "+or-2 divided by the square root of the number 

of observations in the time series" (Statgraphics, 1993). These limits provide an 

approximate test of which coefficients significantly differ from zero at the 95% level 

(Statgraphics, 1993). 

Any value of zero in the data was changed to one before the analyses because 

it is theoretically impossible that a population of zero would grow the next generation 

(excluding the possibility of immigration from neighboring areas). The temporal 

records of beetle kill in terms of the acres affected by beetles or the number of dead 

trees were log transformed before analysis (Turchin 1990). The abundance data was 
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not divided by the total area in Douglas-fir forest to obtain estimates of relative beetle 

population density as in Turchin et al. (1991), because the exact area in forest through 

time for each of the 3 spatial scales was unknown. ACF and PACF plots were 

calculated in Statgraphics. 

Regression Analyses: Relationships between Beetle Populations Dynamics, 
Windthrow and Drousht 

The association between beetle kill (within the entire state of Oregon, the 

Willamette National Forest, and the Detroit Ranger District) and climatic phenomena 

was investigated with a mixed model approach. Two different measures of beetle 

population dynamics were used as response variables with the Oregon data: the 

difference in acres between one year and the preceding year measured the change in 

the absolute amount of beetle kill for each year (referred to the difference), and r, the 

intrinsic rate of increase (the natural log of the fundamental net reproductive rate, i.e. r 

= ln[No/N,J where N0 is the population at the one time period and N, equals the 

population one generation later) measured the change in the growth rate of the 

population from year to year. It was necessary to use the difference in acres instead of 

the actual acre values because the acre series was too autocorrelated for the statistical 

software to handle. The untransformed acre values and number of dead trees were 

used as response variables for the Willamette National Forest and Detroit Ranger 

District series, respectively, in addition to the intrinsic rate of increase. Five 

explanatory variables were considered. The possibility that windstorms (via 

windthrow) influence beetle populations in a delayed or lagged manner was examined 

by constructing four indicator variables to represent the presence of a major state-wide 

windstorm at the current year (t), the previous year (t-1), two years prior (t-2), and 

three years prior (t-3). The precipitation index was also included as an explanatory 

variable (the Oregon analysis was conducted with the precipitation index computed 

from state-wide records and the Willamette N.F. and Detroit R.D. analyses were 

conducted with the precipitation index from the Detroit Dam records). 
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The SAS procedure MIXED was used to regress the response variables on the 

explanatory variables. The advantage of using a mixed model in this situation is that 

it can analyze data with multiple sources of variation (SAS, 1993); the two sources of 

variation in this problem were the variation due to the main effects of the explanatory 

variables and the autocorrelation of the response variables (see RESULTS for more 

details about autocorrelation of the response variables). The autocorrelation of the 

response variables was taken into account when the main effects and their standard 

errors were calculated. Several different covariance structures for the autocorrelation 

of the response variable were specified and Akaike's Information Criterion (AIC) was 

used to compare model adequacy. After the appropriate structure for the covariance 

matrix was found, AIC was used to compare models with different combinations of 

explanatory variables. The four windthrow variables were not independent of one 

another, so to avoid multacollinearity, models were built starting with the simplest 

model, then other explanatory variables were added. 

RESULTS 

At the three spatial scales examined (Detroit Ranger District, Willamette 

National Forest, and the state of Oregon), beetle kill damage in numbers of trees and 

acres affected varied over the time periods by at least two orders of magnitude 

(Figures 4.1, 4.2, and 4.3). By far the largest beetle outbreak occurred in the early 

1950's with subsequent smaller episodes in the early 60's, the mid 60's, the mid 70's, 

and the 90's. 



Figure 4.1: Beetle kill (acres), precipitation, and windstorms in the state of Oregon 
1951-1993 

5000000 

4000000 

3000000 
^0 
a) 2000000 
c.) 
ci) 4. 

1000000 
c/) 
a.) 0 1-4 

1950 

20 

10 

0 

0 

ect 

0 
a) 
c.) 0 

ow' 1950 

ii TI1-7 144T-I T1111111 
1960 1970 

Time (Years) 

75 

30 
1950 1960 1970 1980 1990 

1960 1970 1980 1990 

1. 1111111 
1 980 1990 



Figure 4.2: Beetle kill (acres), precipitation, and windstorms in the Willamette 
National Forest 1956-1992 
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Figure 4.3: Beetle kill (trees), precipitation, and windstorms in the Willamette 
National Forest and the Detroit Ranger District 1969-1992 
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Characterization of Disturbance Regimes 

The characteristics of Douglas-fir beetle disturbance regimes were fairly 

similar at the two spatial scales examined (the state of Oregon and the Willamette 

National Forest) (Tables 4.1 and 4.2). In general, beetle outbreaks occurred every 7 to 

9 years and lasted about 2 years. The short duration of outbreaks was also reflected in 

the autocorrelation functions and the partial autocorrelation functions. 

Table 4.1: Characteristics of Douglas-fir beetle epidemics in Oregon forests (1952- 
1993) 
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Dates Frequency 
(years 
between 
events) 

Duration (years) Magnitude (orders of 
magnitude above baseline) 

1952-1955 6 4 3 

1958-1960 6 3 2 

1964-1965 4 2 2 

1968 8 1 2 

1976 12 1 2 

1986-1990 5 3 2 

1992 1 2 

Mean 6.8 2.1 NA 

Standard 2.6 1.1 NA 
Deviation 



*this epidemic lasted 4 years, thus 17,850 represents the peak mortality 

Time series analysis 

The autocorrelation functions (ACF) and the partial autocorrelation functions 

(PACF) for Oregon, the Willamette (in terms of acres), and the Detroit Ranger District 

were similar, but the results were most pronounced for Oregon (Figures 4.4, 4.5 4.6, 

and 4.7). A positive peak is evident at the first lag of the ACF, but there is no 

evidence of delayed density-dependent regulation (which would be indicated by 

positive or negative spikes at the second lag). This is further corroborated by the 

PACF plot which indicated that the autoregressive process is first order (i.e. there is a 

peak above the 95% confidence interval at the first lag). Thus, the amount of beetle- 

kill in one year is a strong predictor of beetle-kill in the subsequent year. ACF and 

PACF plots for the Willamette in terms of the number of dead trees showed that the 

numbers for each year were independent of one another (Figures 4.6). The lack of 

agreement between the results for the Willamette National Forest using the two 

estimates of beetle activity, acres affected and number of dead trees, illustrates the 

drawbacks of using aerial flight survey data as a proxy for beetle population counts. 
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Table 4.2: Characteristics of Douglas-fir beetle epidemics in the Willamette National 
Forest (1956-1992) 

Dates Frequency 
(years 
between 
events) 

Duration ( years) Magnitude (acres affected) 

1958 8 1 6,400 

1965-1968 7 4 17,850 * 

1972 12 1 5,170 

1984 8 1 5,120 

1992 - ? ? 8,666 

Mean 8.8 1.75 8,641 

Standard 1.9 1.3 4,781 
Deviation 
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Figure 4.4: Autocorrelation and partial autocorrelation functions for Douglas-fir beetle 
activity in Oregon (acres affected) 
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Figure 4.5: Autocorrelation and partial autocorrelation functions for Douglas-fir beetle 
activity in the Willamette National Forest (acres affected) 
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Figure 4.6: Autocorrelation and partial autocorrelation functions for Douglas-fir beetle 
activity in the Willamette National Forest (dead trees) 



Figure 4.7 Autocorrelation and partial autocorrelation functions for Douglas-fir beetle 
activity in the Detroit Ranger District (dead trees) 
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Regression Analyses 

The best regression models for the area affected statewide (the area difference) 

and r (the intrinsic rate of increase) were identical, although the structure of the 

covariance matrix differed (Table 4.3). The models with the lowest Akaike's 

Information Criterion contained windstorm in the current year and the precipitation 

index as explanatory variables. Thus, the rate of increase in beetle populations 

depended upon the presence of a windstorm in that year and the total precipitation. 

None of the windthrow variables nor the precipitation index were significant in 

explaining variation in the two response variables for the Willamette National Forest 

beetle kill records in acres. The results for the Willamette National Forest time series 

(in terms of the number of dead trees) and the Detroit Ranger District (number of dead 

trees) are similar but differ from both the Oregon results and the Willamette National 

Forest (acres) results (Table 4.4). Models for the number of dead trees and the 

intrinsic rate of increase differed with respect to explanatory variables. In summary, 

some climatic variables helped to explain more at certain spatial scales than others. 

Table 4.3: Results from mixed model regression analysis of measures of beetle 
population dynamics in the state of Oregon on climatic variables 

Covariance structure 

Significance of windthrow 
variable (time 0) 

Significance of 
precipitation index 

second order Toeplitz first order autoregressive 

0.0124 0,0098 

0.0033 0.3819 

84 

Variable\measure of Difference in acres r, intrinsic rate of increase 
population dynamics 



Table 4.4: Results from mixed model regression analysis of measures of beetle 
population dynamics in the Willamette National Forest on climatic variables 

Table 4.5: Results from mixed model regression analysis of measures of beetle 
population dynamics in the Detroit Ranger District on climatic variables 

Covariance structure first order autoregressive first order autoregressive 

Significance of windthrow 0.9943 
variable (year 0) 

Significance of windthrow 0.5121 
variable (year - 1) 

Significance of windthrow 0.0379 
variable (year - 2) 

Significance of 0.7809 
precipitation index 

simple 

0.6656 

not in model 

0.5365 

0.5499 

not in model 

not in model 

0.6620 
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Variable\measure of Number of beetle-killed r, the intnnsic rate of 
population dynamics trees increase 

Variable\measure of Number of beetle-killed r, the intrinsic rate of 
population dynamics trees increase 

Covariance structure simple 

Significance of windthrow not in model 
variable (time 0) 

Significance of windthrow 0.0563 
variable (year - 2) 

Significance of not in model 
precipitation index 



DISCUSSION 

What influences the frequency and magnitude of beetle epidemics? 

Several interesting observations can be drawn from the raw time series and the 

disturbance regime characteristics. All four time series reveal that most major beetle 

kill episodes were evident at all of the three spatial scales. That is to say, when there 

was lots of beetle activity in the Oregon data set, one can also detect elevated amounts 

of tree mortality in the Willamette National Forest and the Detroit Ranger District data 

sets. Thus the timing and the frequency of beetle-kill events appear to be similar 

across spatial scales. However, the magnitude of the activity was not consistent over 

spatial scale. For example, the 1965 beetle kill in the Willamette National Forest was 

much larger than the 1959 values. In contrast, the 1959 value for Oregon was much 

higher than the 1965 value. This suggests spatial heterogeneity in the state-wide 

distribution of beetle kill and that local conditions may be important in mediating the 

magnitude of beetle-kill. 

Population Regulation 

There was evidence for both density-dependent and density-independent 

population regulation. For three time series (Oregon, Willamette in acres, and 

Detroit) the ACF and PACF support the existence of first order density dependent 

regulatory mechanisms. These could include factors such as intraspecific competition 

and generalized predators. These results should be taken with caution because the 

ACF and the PACF assume a linear relationship between the log-transformed 

population densities (Peter Turchin, pers. comm.). For definitive results one would 

have to employ nonlinear models to calculate population density (as opposed to the 

log transformation) and then regress the intrinsic rate of increase on a limited number 

of population densities (N N,, N,) and see if adding in extra lags explained the 

variation in r (Turchin, 1990). However, the finding that epidemics tend to last about 

2 years corroborates these results. 
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The significant relationships between measures of population growth and 

certain climatic variables support the hypothesis that density-independent phenomena 

help to regulate beetle population densities. The three response variables, the intrinsic 

rate of increase (r), the difference in affected acres between successive years, and the 

number of beetle-killed trees, measure related but slightly different aspects of beetle 

population dynamics. The intrinsic rate of increase quantifies the rate at which the 

population changes from year to year. The only model which showed a statistically 

significant relationship between r and any of the climatic variables was the model for 

Oregon. The only significant climatic variable in that model was the presence of 

windthrow in the current year. This means that the steepest change in the rate of 

population growth occurs during the year that large amounts of suitable habitat are 

present, at a state-wide level. Others have noted that the beetle populations can 

increase 10 fold in one generation (Atkins, and McMullen, 1960). Presumably then 

these large populations of beetle emerge from the windthrow and attack green trees. 

The intrinsic rate of increase was not related to climatic variables at any of the smaller 

spatial scales. This could mean that other variables influence the rate of population 

growth at local scales. 

The difference in affected acres for Oregon measures the magnitude of the 

difference in the amount of forest affected by the beetle. This measure of the 

magnitude of beetle activity in Oregon was used in lieu of the actual acreage values 

because the latter were too autocorrelated for proc MIXED to compute. The annual 

differences in acres affected by the beetle was associated with the presence of 

windthrow in the present year and with the precipitation index. The association 

between the magnitude of the difference in acres and the presence of windthrow in the 

present year is somewhat puzzling. The role of the windthrow variable in explaining 

the variability in the difference in acres is probably similar to what it explained for r. 

Precipitation alone did not influence the difference in acres affected by the beetle from 

year to year. But if there was a windthrow event, lack of precipitation influenced the 

magnitude of the epidemic. 
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Interestingly, the response variables for the Willamette National Forest and the 

Detroit Ranger District were related to different climatic variables than those that were 

significant at the state-wide scale. None of the climatic variables were associated with 

the growth rate of the populations, but the magnitude of bark beetle kill depended 

upon the presence of windthrow two years prior to the current year. The relationship 

between the magnitude of beetle kill and windthrow two years prior is exactly what is 

predicted by our current understanding of beetle population dynamics. Why this is not 

reflected in the population growth rate is mysterious. It is possible that the variation 

in numbers of beetle-killed trees from year to year is not large enough to cause large 

variations in the growth rate. 

Taken together, the results from the time series and regression analyses indicate 

that both density dependent and density independent processes are operational, 

corroborating the epidemiological model. The most likely explanation for this is that 

density independent processes are more important in regulating beetle populations at 

low densities whereas density dependent processes are more important when beetle 

numbers are high. According to this possible scenario, at endemic numbers beetles 

remain at low densities due to the lack of available habitat and generalized natural 

enemies. Catastrophic disturbances such as large windstorms can precipitate epidemics 

by providing large numbers of weakened trees. At a statewide level, populations 

seem to grow faster in the year of the windstorm. Low annual precipitation coincident 

with a windstorm year can accentuate the effects of the windthrow by increasing the 

magnitude of the tree mortality. Beetles never remain at high population densities for 

many years in a row, as indicated by the ACF's and PACFs'. Beetle outbreaks are 

most likely attenuated by density dependent processes such as increased intraspecific 

competition among larvae which decreases brood survivorship. The picture that 

emerges from these results is consistent with the understanding of beetle population 

dynamics in the literature (e.g. Furniss et al. 1981; McMullen and Atkins, 1961). It is 

unfortunate that there are no statistical methods for testing the strength of the 
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importance of density dependent versus independent population regulation relations 

(Peter Turchin, pers. comm.) because that kind of information could further 

corroborate this hypothesis. 

As mentioned above, the fact that different climatic variables seem to influence 

the magnitude of beetle kill and the growth of beetle populations at different spatial 

scales can most likely be attributed to the importance of local phenomena in mediating 

the characteristics of outbreaks. For example, the aggregated or dispersed distribution 

of wind throw has large implications for possible ensuing beetle outbreaks (Furniss, 

1962; Orr, 1963). The beetles avoid attacking the sides of windthrown trees that are 

exposed to the sun (Fumiss, 1962). Thus, large patches of windthrown trees will have 

less concentrated attacks and produce far fewer progeny than individual windthrown 

trees or small patches that are partially shaded by standing trees (On, 1963). It is 

interesting to note that within the 42 year period of beetle kill records for Oregon, six 

episodes were classified as beetle epidemics, while 9 storms were classified as large, 

state-wide windstorms. Thus beetle epidemics can be the results of windstorms but 

not all windthrow events produce epidemics. Similarly, local conditions probably 

mediate the spatial distribution of bark beetle mortality. If it is cool and cloudy when 

the beetles emerge in the spring, dispersal is curtailed and new attacks are restricted to 

the vicinity of the original host trees (Atkins, 1959). Conversely, if the weather is 

warm and/or clear the population might fly many miles before establishing new 

infestation centers (Atkins, 1959). 

Comparisons to Other Disturbance Regimes 

The importance of bark beetle kill (at both endemic and epidemic levels) to 

forest ecosystem dynamics can be evaluated by comparing it to other disturbances such 

as fire and windstorms. Although the spatial and temporal distributions of disturbance 

characteristics vary considerably with site-specific conditions, the mean values of 

descriptors such as frequency, magnitude and duration provide a general comparative 

framework. Beetle epidemics for certain Douglas-fir forests in this region appear to be 

more frequent than fires but less frequent than windstorms (Table 4.6). Although 
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beetle epidemics appear to be quite frequent disturbances, they probably affect far less 

forest in terms of total acreage than either fire or windstorms. 

Table 4.6: Frequency (time between events) of some major disturbances in Oregon 
forests 

Disturbance Location Mean (years) Range (years) Reference 

Douglas-fir Oregon 6.8 5-12 this thesis 
beetle 
epidemic 

Douglas-fir Willamette 8.8 7-12 this thesis 
beetle National 
epidemic Forest 

Windthrow Oregon 4.7 1-10 Forest Insect 
Surveys, 
Storm Data 

Fire Cook-Quentin, 46 6 - 250 Morrison and 
Central Swanson, 1990 
Cascades 

Fire Deer Study 64 9 - 236 Morrison and 
Area, Central Swanson, 1990 
Cascades 



CHAPTER 5: FINAL CONCLUSIONS 

The objective of this thesis was to develop a hierarchical model of Douglas-fir 

beetle dynamics by measuring the association between the presence of beetle-kill and 

potential explanatory variables across a range of spatio-temporal scales. Tree vigor 

was proposed as the mechanism that linked phenomena at different spatial scales (i.e. 

the weakest or most stressed stands within the landscape would experience beetle-kill 

and within those areas the weakest trees would die) and temporal scales (i.e. drought 

and wind storms would weaken or kill trees and precipitate epidemics). There was 

evidence of associations between beetle-kill and many of the measured variables 

(summarized in Figure 5.1). In Figure 5.1 the strength of the association between 

beetle-kill and each factor was measured by p-values and depicted as the width of the 

arrow linking the two phenomena. 

The link between death by bark beetles and tree vigor (measured by relative 

basal-area increment was weak. Furthermore, the only stand level factor that was 

associated with growth rate was stand basal area. However, there were strong 

associations between the presence of beetle-kill trees and topographic and 

physiographic factors at the landscape scale. At the landscape scale an empirical 

model of where to expect beetle-kill could be developed from aspect, elevation, total 

annual solar radiation or potential evapotranspiration, and the amount and distribution 

of old conifer. However, one could not use this model to predict which individual 

trees might die. In summary, tree mortality was not well-correlated with tree level 

variables but was very well correlated with certain landscape level variables. This 

implies that patterns at the landscape scale provide the context for bark beetle activity. 

However, within these constraints which individual trees succumb to the beetle is 

random or is related to other factors that I did not examine. The results from the time 

series analysis do not disprove the hypothesis that beetle populations are regulated by 

density-dependent factors at epidemic levels and density independent factors at 

endemic levels. Different climatic factors influenced the magnitude of beetle kill 

events and beetle population growth rates at the three spatial scales examined. This 
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further supports my contention that a hierarchy of factors mediates the presence of 

bark beetle kill at different scales. 

Inferring processes from pattern is a risky business. However, my results 

suggest that landscape scale patterns and climatic phenomena have some causal link to 

the presence of bark beetle-kill. Correlative results from observational studies such as 

this provide the understanding that can serve as a basis for future studies of causal 

mechanisms. 



Figure 5.1: Hierarchical model of Douglas-fir beetle dynamics incorporating 
significant and non-significant results 
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Appendix 1: Ground Verification 

Accuracy and precision of the beetle kill coverage are limited by the scale and 

quality of the photography, errors in the photointerpreting process, and technological 

constraints in converting this information into a digital form. Several types of error 

can occur while creating the beetle kill coverage: errors of commission, errors of 

omission, patch size errors, and positional errors. The former three types of error are 

most likely to occur in photointerpretation. For my purposes, errors of commission 

were defined as identifying a feature on a photo as a patch of dead trees when it 

actually was not; conversely, an error of omission was failing to identify a patch of 

dead trees. Incorrectly estimating the number of dead trees in a patch is a patch size 

error. Positional errors, in which patches of dead trees appear displaced on the map 

from their actual locations on the ground, are most likely to be introduced in 

Ground surveys were conducted to quantify the rate of errors of commission, 

omission, and patch size. Four of the seventeen photos were selected for ground 

surveys. The surveyed photos were chosen systematically to correct for possible bias 

in photointerpretation accuracy due to improvement in my interpretation skills over 

time. I selected the first photo of the first flight, the second photo of the second flight 

line, and the third photo of the third flight line. No beetle kill patches appeared close 

to roads on the third and fourth photos of the fourth flight line, thus the second photo 

was used (to avoid bias towards errors of omission). All roads adjacent to forest in 

the photos were cruised (by walking or driving slowly) and all patches of dead trees 

greater than 2 within 50 meters of either side of the road were visited. Patches of 

dead trees identified both on the photo and on the ground were checked for species 

and the number of trees in the patch was counted. Patches of dead trees that were not 

identified on the photo were also visited, counted, and recorded as errors of omission. 

The total length of road surveyed was approximately 14.9 km with a total area of 145 

ha. 
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Twenty-seven patches of dead Douglas-fir trees fell within this area; eleven of 

the twenty-seven were identified as errors of omission. There were no errors of 
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commission. Thus only 60% of the actual patches of dead Douglas-fir were 

indentified. Small patches were more likely to be omitted than large patches (Figure 

Appendix 1.1). In order to assess patch size accuracy, photointerpreted patch size was 

regressed against actual patch size for the 16 patches identified both in the photos and 

on the ground. The intercept of the regression equation relating photointerpreted patch 

size to actual patch size was not statistically different from zero (at cc = 0.05) and the 

slope of the line was 0.517. The le value was 0.7017, indicating a reasonably good fit 

of the model. Thus, through the process of photointerpretation the actual number of 

patches of dead trees and the size of the patches were underestimated, but these errors 

can be quantified. 

Because the positional accuracy of the beetle kill coverage could not be 

quantified, the number of patches occurring in clearcut or open areas was used as a 

proxy for the percent of positional errors. The rationale for this is that we should not 

expect beetle-killed trees to appear in clear cuts or open areas, therefore any such 

cases must be due to positional error in the photointerpretation or vegetation map. 



Figure A.1: Photo-interpreted patch size versus ground-truthed patch size (duplicate 
points are hidden) 
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Appendix 2: Equations for Patch Level Indices (reprinted from McGarigal and Marks, 

1994) 

Notation is defined following equations: 

Percent of Landscape in a Given Cover Type 

Eau 
% Cover Type = p 1=1 

A 
(100) 

Number of Patches 

NP = n, 

Mean Patch Size in hectares 

MPS = 
Eau 
j=1 ( 1 

n. 10,000 

Patch Size Coefficient of Variation in units of percent 

PSSD 
PSCV = (100) 

MPS 



where patch size standard deviation (PSSD) in hectares is calculated as follows: 

PSSD = 

ay 

nl 

2 

(10,000) 

5) Mean nearest-neighbor distance in meters 

6) Nearest-neighbor coefficient of variation 

where nearest-neighbor standard deviation (NNSD) is 

MNN = 

NNSD 
NNCV = (100) 

MNN 

calculated as follows: 

NNSD 

Ehy 
2 
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7) Edge density in meters per hectare 

E 
ED = k=1 (10,000) 

A 

Definitions of notation (reprinted from McGarigal and Marks, 1994): 

A = total landscape area (m2) 

= area (m2) of patch ij 

eil, = total length (m) of edge in landscape between patch types classes i and k; 
includes landscape boundary segments representing true edge only involving patch 
type i 

n = ni = number of patches in the landscape of patch type (class) i 

n' = n = number of patches in the landscape of patch type (class) i that have nearest 
neighbors 

116 = distance (m) from patch ij to nearest neighboring patch of the same type (class), 
based on edge-to edge distance 
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