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The magnitude and urgency of current mountain pine beetle outbreaks in the western United States and Canada have resulted in numerous studies of the dynamics
and impacts of these insects in forested ecosystems. This paper reviews some of the aspects of the spatial dynamics and landscape ecology of this bark beetle. Landscape
heterogeneity influences dispersal patterns in many ways, but little is known about these influences that can be used in management efforts, and the natural range
of variability of this insect remains undefined. Short range spread is often determined by the active responses of the beetle to chemical and physical cues. Long-range
spread is often facilitated by winds above the canopy, which can move insects hundreds of kilometers. New concepts and tools are emerging that have been adapted
from landscape ecology and spatial statistics. Categorical map analysis has been widely used to quantify infested landscapes. Spatial statistical analysis and point process
models are acquiring more recent favor. Landscape entomology is an active area of forestry research.
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Forest vegetation is seldom distributed uniformly in space, and
landscapes are commonly characterized by patterns. These
patterns vary in response to factors of the environment that

interact sequentially or concurrently in space and time. Phytopha-
gous insects are one of many kinds of disturbances that can impact
the structure and composition of a forest landscape and change the
patterns of vegetation that occur there. Mountain pine beetle (Den-
droctonus ponderosae Hopkins) is one insect that has received much
attention.

Mountain pine beetle (MPB) is considered a major disturbance
in forests of British Columbia, Canada, and throughout much of the
western United States and colonizes various tree species, most no-
tably lodgepole pine, Pinus contorta Dougl. ex Loud., and ponderosa
pine, P. ponderosa Dougl. ex Laws. (Gibson et al. 2009). The extent
of tree mortality resulting from MPB may be limited to small spatial
scales or may affect entire landscapes. MPB outbreaks can impact
timber and fiber production, fuels and fire behavior, water quality
and quantity, fish and wildlife populations, esthetics, recreation,
grazing capacity, real estate values, biodiversity, carbon storage,
threatened and endangered species, and cultural resources, among
other services and resources provided by forest landscapes.

Accordingly, various aspects of the landscape ecology of bark
beetles have received considerable attention in western North Amer-
ica largely due to the availability of satellite imagery, greater com-
puting capabilities, and large-scale mountain pine beetle outbreaks.
Determining the cause underlying changing landscapes is a major
emphasis of landscape ecologists. They detect and characterize land-

scape patterns, characterize how patterns within watersheds vary
with time, and determine what resources are influenced by changing
patterns. An increasing effort has been aimed at integrating appro-
priate tools and concepts of landscape ecology into the core compe-
tency areas of forest entomologists.

One focus area within landscape ecology that has received in-
creasing attention in recent years is landscape dynamics. McGarigal
et al. (2002) define landscape dynamics as “how landscape patterns
and processes change through time, including techniques for detect-
ing, analyzing, or simulating landscape change; and modeling pop-
ulations or communities in landscape mosaics.” Several publications
have reviewed the basic biology and ecology that underlie the land-
scape dynamics of MPB (e.g., Amman 1973, Safranyik 1978, Sa-
franyik et al. 1975, Schmid and Mata 1992, Carroll et al. 2004,
Taylor and Carroll 2004, Withrow et al. 2013). In this paper, we
discuss a few areas of interest about the landscape dynamics of MPB
that have been applied to studies and management of MPB or that
hold potential for such application.

Temporal Patterns of MPB across Landscapes
Infestation Cycle of MPB

Landscape ecologists use disturbance regime to characterize the
suite of disturbances that occur at a point in space in terms of
intensity, extent, and frequency (Lertzman and Fall 1998). This
concept is useful in characterizing the long-term temporal patterns
of MPB outbreaks. According to Schmid and Mata (1996), the
frequency of MPB outbreaks in lodgepole pine at a given location
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varies from 20 to 40 years. Similar estimates of return interval are
less clear for ponderosa pine. In perhaps the most intensely studied
system, Thompson (1975) mentions that 11 outbreaks had oc-
curred in ponderosa pine in the Black Hills of South
Dakota/Wyoming over a period of 80 years. Lessard (1986) using
the same Black Hills history calculated a 20-year return interval.
Blackman (1931) and McCambridge and Stevens (1982) note the
average length of an MPB epidemic is 6 years for lodgepole pine, and
between 2 and 5 years and 7 and 14 years for short and long epi-
demics in ponderosa pine, respectively.

The return interval of MPB is determined largely by its infesta-
tion cycle. Chapman et al. (2012) present a useful description for
MPB using the “epicenter hypothesis” (Royama 1992; Figure 1).
According to this hypothesis, MPB is usually present at relatively
low populations (endemic phase). During this phase, beetle popula-
tions may occur at the landscape scale, but since densities and im-
pacts are very low, they are difficult to detect. The endemic condi-
tion is often considered baseline. When suitable and susceptible
hosts are present, favorable temperatures that enable larval survival
during winter allow beetle populations to increase (Bentz et al.
2010) and eventually disperse. Dispersing beetles attack nearby trees
(focus expansion; Safranyik et al. 1992, Robertson et al. 2007), but
some disperse longer distances to attack new host trees (long-distance
dispersal, secondary spread) and establish new infestation groups or
foci (primary and secondary foci; Jackson et al. 2008). The distribu-
tion of the resulting newly established primary focus trees across
landscapes has been sparsely studied (Schmid and Mata 1996), but
the patterns with which they become established would set the stage
for later development of infested patch patterns across the landscape
during the incipient epidemic phase. A second order spread occurs
when foci begin to overlap, integrate, and grow into each other
(traveling wave). Either dispersal or expansion of existing patches (�

foci) drive the subsequent landscape-scale patterns associated with
the epidemic phase. Safranyik and Carroll (2006) explain that an
epidemic is a landscape-scale phenomenon, where the area and mag-
nitude of infestation show rapid increases. People disagree on this
definition primarily because they differ in what is considered “rapid
increase.” According to Safranyik and Carroll (2006), cold temper-
atures, scarcity of suitable host trees, and possibly parasites and
predators, cause MPB epidemics to collapse (outbreak collapse
phase).

Although MPB activity is often quantified at a point in space by
using intervals between reoccurrences of outbreaks (Romme and
Knight 1981), their impacts are evident at multiple scales. In this
regard, Schmid and Amman (1992) caution that, “beetle popula-
tions are never in epidemic proportions continuously in a given
stand.” These authors explain that “the frequency of epidemics de-
pends on the size of the area being considered, how extensively the
beetle population decimated the stand(s) within the area and mod-
ified its (their) stand structure, and how fast each stand again grows
into the hazardous condition.”

Natural Range of Variability
A basic principle of landscape dynamics is that “the ecological

significance of pattern measured at one point in time is difficult to
assess without an understanding of the historical variability of that
pattern” (Gustafson 1998). A common question is whether MPB
outbreaks are becoming more frequent and severe. The concept of
natural range of variability (NRV) is a reference condition that has
been used often to address this question. It commonly refers to a
condition existing before European settlement (Swanson et al.
1994). The concept of NRV has been much discussed and much
debated. Determining NRV for MPB is difficult. Evidence of MPB
infestations has been noted from as far back as 1785 in Utah

Figure 1. Relationship among MPB dispersal (long range and short range), focus infestation establishment, and second order spread and
the four phases of the MPB infestation cycle.
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(Thorne 1935). Schmid and Amman (1992) note a citation by R.C.
Craighead (1925) of a 400-year-old ponderosa pine tree with MPB
gallery chronologies indicating attacks throughout its life time. In-
formation on MPB dynamics in central interior British Columbia
go back as far as 1910. This is considered too short a length of time
to decipher an NRV for MPB based on outbreak frequency and
severity (Hughes and Drever (2001).

McGarigal (2013) offers a conceptual framework of NRV to
illustrate dynamics of disturbed landscapes using what he refers to as
a “natural” landscapes trajectory (Figure 2). The graph shows the
magnitude of a state variable on the y-axis and time on the x-axis.
State variable is defined as, “any variable that describes the state or
condition of the system at a single point in time…” Area infested
and number of infested trees are examples of state variables. The
magnitude of state variables oscillates within natural historic limits,
which is called the “range of natural variability.” Stability, persis-
tence, resistance, resilience, recovery, and other concepts fundamen-
tal to landscape dynamics can be depicted graphically using this
conceptual image (Table 1).

For example, Raffa et al. (2008) define regime shift as “abrupt
changes into different domains and trajectories beyond which prior
controls no longer function.” In the graph mentioned above, a re-
gime shift occurs when the trajectory breaches the outer range of the
NRV and remains outside of this space. According to Raffa et al.
(2008), the major manifestations of regime shift associated with
MPB include: (1) occurrence of outbreaks at locations where the
probability was low; (2) geographic range expansion, outward or
upward; (3) host range expansion within existing geographic range;

(4) expansion into novel communities, naïve host populations; (5)
abrupt increases in prevalence and severity within existing geo-
graphic and host range; and (6) high severities causing the commu-
nity composition and configuration to change permanently. The
causes of regime shifts are not well known. The current MPB out-
break in British Columbia is thought to be caused by mild winter
weather and abundant suitable host material (Taylor et al. 2006,
Coops et al. 2010).

Multiple Stressors and Interactions
Factors that do not kill trees can still impact patterns of MPB-

caused tree mortality. Abiotic factors commonly predispose trees to
biotic agents. Weather extremes and other abiotic stresses that in-
teract with MPB have been studied for responses at the tree and
stand scales, but Chumura et al. (2011) suggest that little is docu-
mented about their effects at the landscape scale. Biotic factors like
parasites, predators, and pathogens, along with density dependent
processes, help maintain endemic populations by modulating the
growth rate of beetle populations. They may also reduce abundance
and change distribution patterns of epidemic populations (Kausrad
et al. 2011), however, their role on landscape patterns created by
MPB is not well known. The distribution, scale, patterns, and mag-
nitude in time and space vary among these different co-occurring
factors, which often, but not always, interact in complex ways.
Emergent properties, like sudden outbreaks, that are not always
predictable can result from these complex patterns (Logan et al.
2003). As a consequence, cause and effect linkages between distur-
bances like MPB and their impacts are seldom direct and the cause
of changed landscape configuration or condition often remains
elusive. Raffa et al. (2008) review much of what we know about
these interactions, emphasizing the various thresholds and feedbacks
associated with an eruptive species like MPB. One clear take-home
message of their synthesis is that interactions influence MPB dy-
namics in complex ways. Some of this complexity can be illustrated
in a study by Lundquist and Negrón (2000) of MPB and its suite of
co-occurring biotic and abiotic factors on stand dynamics across a
small watershed in the Black Hills of South Dakota. In this study,
outbreaks of MPB had similar impacts on landscape structure as fire
or wind when a large enough area was affected, and endemic MPB
activity had similar impacts as suppression, competition, ice/snow
buildup, spot fires, shrub competition, poor site quality, low light
intensity, weak pathogens, uprooting, lightning, and root disease
(Figure 3). In a separate study of this same watershed, Lundquist
(2000) used structural equation modeling to estimate the relative
importance of these disturbance agents in causing canopy gaps of
varying sizes. Results indicated the following in order of importance:
root disease, endemic populations of MPB, pathogens that infect
only stressed trees, ice/snow damage, lightning, and spot fires.
Quantifying pest interactions has been challenging and a good so-
lution is yet to emerge.

The nature and dynamics of MPB outbreaks are partly depen-
dent on the presence and distribution of blue stain fungi. James et al.
(2011) used neutral genetic markers to study how genetic variation
in Grosmannia clavigera (Rob.-Jeffr. & R.W. Davidson) Zipfel,
Z.W. de Beer & M.J. Wingf., a fungal symbiont of MPB, was
influenced by spatial heterogeneity. They found that both MPB and
G. clavigera showed genetic diversity associated with geographic
location. Tsui et al. (2012) examined population structure of G.
clavigera and found that the current MPB outbreak in western Can-
ada originated in four separate locations or epicenters. Since G.

Figure 2. Conceptual diagram showing the relationship between
variability of a state variable with respect to NRV, which is
bounded by the dotted lines (adapted from McGarigal 2013).
When the magnitude of the state variable increases or decreases
enough to go beyond the space delineated by the boundary lines
(regularly dotted lines), the landscape is disturbed. When the tra-
jectory returns to within the boundary line, it is in recovery. When
the trajectory goes outside the boundary lines and remains there, it
is a regime shift.

Table 1. Definitions of terms commonly used to describe the
dynamics expressed by disturbed landscapes (from McGarigal
2013).

Stability—tendency for a system to move away from a stable state (i.e., a
constant range of variability)

Persistence—length of time the system remains in a defined state
(or range of states)

Resistance—the capacity of a system to adsorb or otherwise dissipate
perturbations and prevent them from amplifying into large disturbances

Resilience—the capacity of a system to return to the pre-perturabtion state
following a disturbance

Recovery—the speed with which a system returns to the preperturbation state
following a disturbance

Hemeorhetic stability—system returns to its pre-perturbation trajectory
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clavigera is known to play a significant role in establishment of MPB,
it helps determine the spatial distribution of MPB and the pathways
MPB uses to establish infestations. Understanding the ecological
and evolutionary dynamics of the fungus-beetle association is im-
portant for predicting and forecasting MPB outbreaks (Tsui et al.
2012).

Spatial Patterns across Landscapes
Landscape Heterogeneity and Dispersal

Heterogeneity of landscape features has a major influence on
insect population and behavioral dynamics (Tilman and Kareiva
1997, Chubaty et al. 2009), but the effects of landscape structure on
dispersal of MPB are not well known (Hughes et al. 2006). Spatial
heterogeneity has several meanings and can be measured in many
ways (Kolasa and Rollo 1991). Gustafson (1998) defines spatial
heterogeneity as “the complexity and variability of a system property
in time and space.” Li and Reynolds (1995) define “system prop-
erty” as “anything that is of ecological interest…” and Gustafson
(1998) qualified this as anything that is of ecological interest and
measurable. According to Hughes and Drever (2001), landscape
heterogeneity directly affects beetle dispersal by altering reproduc-
tive potential and changing the frequency and probability of con-
fronting predators and parasitoids. It can indirectly affect beetle
dispersal by influencing the magnitude and impact of sun, wind,
and water. More generally, spatial heterogeneity can stabilize pop-
ulations (Hughes and Drever 2001). Once MPB populations kill
their host, the components that made the site suitable are altered.
Consequently, the distribution of habitat space varies in time as a
feedback process making landscape heterogeneity a dynamic prop-
erty in space and time.

Much of the focus on landscape dynamics of insects, in particular

MPB, is on the patches that make up the landscape mosaic. The
other part of this system is the area between the patches, called the
matrix, through which MPB must travel while dispersing. The ma-
trix is characterized by Forman and Godron (1986) as “the most
connected element of the landscape.” The matrix can interfere or
enhance dispersal. In contrast, Prevedello and Vierira (2010) re-
viewed over 100 published papers on the significance of landscape
matrix and concluded that although the type of matrix is important,
patch size and isolation are the main determinants of ecological
parameters in landscapes.

Dispersal behavior results from a balance of host availability,
population levels, mate finding, local density dependence influ-
ences, current beetle distributions, local disturbance legacies, sibling
competition, nonhost volatiles, in-transit risks faced in the matrix,
and the probability of suitable sites within range (Chubaty 2009,
Kausrud et al. 2011). Dispersal involves a process that includes
indirect communication, collective behavior, and self-organized ag-
gregation, which Perez and Dragicevic (2011) refer to as “swarm
intelligence.” MPB has an active dispersal behavior and is com-
monly found in patches that have certain characteristics (Fettig et al.
2014). Although much is known about these favorable characteris-
tics at the tree and stand level, dynamics in natural systems has
proven difficult to describe or predict (Jackson and Murphy 2003).
Hughes et al. (2006), for example, point out that little is known
about how much pheromone concentration is needed to stop beetles
and highlight the potential importance of the nonsusceptible area
through which beetles travel. Schiebe et al. (2011) further explain
that the semiochemical diversity hypothesis proposes that volatiles
from nonhost vegetation may also be a significant cause for avoid-
ance (Progar et al. 2014).

Wind and ambient temperatures can influence the direction and

Figure 3. The relationship among mountain pine beetle and its co-occurring canopy gap causing disturbances and development stages
of a ponderosa pine forest in a wilderness watershed in the Black Hills of South Dakota.
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distance traveled by dispersing beetles. Jackson et al. (2008) discov-
ered that large portions of the MPB populations could spread as far
as 30–110 km each day by above-canopy winds. These high altitude
movers would act in a similar manner as inert particles (Taylor
1974) that might drift for long distances, and create founder popu-
lations outside of the current geographic range of the established
MPB populations. De la Giroday et al. (2011) showed that the
extension of MPB into Alberta where it has not previously been
found was due in part to above-canopy wind dispersal.

Perez and Dragicevic (2010) review previous modeling ap-
proaches used to describe patterns of MPB infestation. Their dis-
cussion includes equation-based models using various parameters,
including pheromones (Logan et al. 1998), atmospheric conditions
(Carroll et al. 2004), and climate and topography (Riel et al. 2003).
They conclude that although these models offer important insights
into the appearance and development of MPB outbreaks, they lack
consideration of the spatial elements involved in the dynamics of
dispersal. Crookston and Stage (1991) and Crookston and Dixon
(2005) incorporate spatial aspects by using parallel processing with
contagion between stands to characterize landscape-scale dynamics
of MPB. Markov Chain analysis and spatial cluster analysis (Camp-
bell et al. 2007), and other spatial statistical techniques have been
used to determine upscale effects from individual infested trees to
infested landscapes. Cellular automata have been used to describe
the spread of tree mortality caused by MPB at the landscape scales
(Bone et al. 2006, Seidl et al. 2011). Chubaty et al. (2009) devel-
oped a dynamic-state variable model based on individual beetle
selective behavior, or what they called “choosiness,” and energy state
and time limit to illustrate the association between population dis-
tribution and habitat selection decisions. More recently, Perez and
Dragicevic (2010) used agent-based modeling to predict beetle mor-
tality and the behaviors of interacting MPB populations at the tree
and landscape scales.

Delineating Infested Patches
Landscape-scale entomological studies commonly use spatially

referenced data. Landscape heterogeneity is commonly viewed as a
set of patches of different sizes and shapes. A patch is defined as a
distinct area of more or less the same system property and differing
from its surrounding area (Forman 1995). Individual patches are
defined by the edge (boundary) that bounds them. The edge deter-
mines patch area, edge length, and shape. The abundance of patches
and their distribution are the basis for quantifying a landscape’s
configuration. The critical logistical challenge is how to determine
the location and cause of patch boundaries (McIntire and Fortin
2006). Fagan et al. (2003) lists spatial clustering, categorical wom-
bling, fuzzy boundaries, kernel approaches, lattice-wombling edge
detection, wavelets, and triangulation as quantitative techniques
that have been used to delineate edges. McIntire (2004) used a
structural equation model called path analysis to determine that
basal area of susceptible trees played the dominant role in stopping
a spreading infested patch and, thus, determining where stand edges
are created. Stand age, stem density, aspect, slope, and dispersal
behavior of MPB played little, if any, role.

In practice, determining edge can be a problem. The most com-
mon source of these data is aerial overview sketch mapping (Ciesla
and Klein 1978, Klein et al. 1979). The USDA Forest Service has
been conducting aerial detection surveys of forested lands for de-
cades. During routine annual aerial detection surveys, for instance,
surveyors draw lines around groups of trees infested with MPB.

With these aerial sketch mapping techniques, it is difficult or im-
possible to capture the continuous gradation and fidelity of natural
phenomena like insect infestations. Sketch mappers are forced to
draw a hard line between areas that are infested and those that are
not. Accuracy is a function of observer skill and experience, weather
conditions, angle and distance of observation, fatigue, and many
other factors that can impact what can be seen and assessed.

Until the 1980s, aerial photography was the main way that re-
mote-sensing data was acquired. More recent emphasis on remote
sensing using satellites and aerial-digital photography has been re-
viewed by Wulder et al. (2006a) and Morgan et al. (2010). Work
conducted mostly in Canada has significantly advanced the devel-
opment and use of these technologies for detecting, monitoring, and
assessing MPB infestations. Some similar work has also been done in
the United States (Klein et al. 1980, Ciesla 2000). Dillman and
White (1982), for example, compared impact estimates from mul-
tistage panoramic images with routine aerial sketch mapping in
ponderosa pine infested with MPB along the Front Range of Colo-
rado and found that the former offered a logistically favorable alter-
native to the latter. Meigs et al. (2011) supplemented the Landsat-
based time series change detection model with annual Forest Service
aerial pest surveys and ground assessments to show that MPB im-
pacts on trees and surface fuels could be accurately characterized. In
this regard, Logan et al. (2009) emphasized the need to integrate
various detection methods.

Spatial distributions are almost always recognized on the basis of
the patterns of mortality caused by beetle populations, rather than
beetle populations themselves. In this sense, tree mortality serves as
a proxy for beetle abundance despite the fact that numbers of beetles
required to kill individual trees vary considerably with host vigor
(Fettig et al. 2007). Furthermore, most landscape-scale assessments
of MPB have been based on red-attack trees. A common method of
estimating time since tree death uses external indicators of needle
color and retention simply referred to as the “green-stage” (within 1
year of attack, contain brood), “red-stage” (1–3 years since death),
and “gray-stage” (�3 years since death) (Klutsch et al. 2009). Den-
nison et al. (2010) noted that previous remote-sensing efforts were
focused primarily on defining red crowns, which is only one phase in
the attack cycle of MPB-infested trees. In their study, Dennison et
al. (2010) used 0.5 m resolution Geo-Eye-1 imagery to map the
distribution of gray crowns in lodgepole pine forests in southern
Wyoming. Hicke and Logan (2009) used Quickbird data coupled
with a maximum likelihood classifier to define areas of green herba-
ceous canopy, brown herbaceous canopy, green canopy, and red
canopy. Meigs et al. (2011) explained that spectral time series (�
spectral trajectories) are needed to describe the full progress of in-
festations to adequately map MPB infestations.

A central theme of landscape ecology is spatial scale (Allen and
Starr 1982, Levin 1992). Concepts like grain (the size of the indi-
vidual units of observation, e.g., degree of precision, pixel size, res-
olution, cell size, minimum mapping unit), and extent (overall area
or entire population sampled in the study) are used to establish the
smallest and biggest areal range of a study. In landscape ecology, this
is referred to as the “spatial domain.” If infested forest areas fall
outside of the range of the spatial domain, then the spatial dynamics
cannot be fully described (Long et al. 2010). In this regard, the pixel
size of Landsat is 30 m with a swath width of 185 km; Spot is 20 m
with a swath width of 60 km; IKONOS is 4 m and 11 km; and
Quickbird is 2.44 m and 16.5 km (Wulder et al. 2006b). In studies
of MPB infestations using satellite imagery, classification accuracy
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was around 70% using 30 m Landsat pixel (Franklin et al. 2003,
Skakun et al. 2003) and around 90% with 2.4 m resolution of
Quickbird (Hicke and Logan 2009). Wulder et al. (2006b) con-
cluded that Landsat data “may be more appropriate for larger infes-
tations at epidemic population levels, than for smaller or more spa-
tially disperse infestations at endemic or incipient population
levels.”

Landscape Legacies of MPB
Large-scale disturbances, like MPB, seldom, if ever, homogenize

the vegetation across the landscape, and the heterogeneous effects
they cause can persist as legacies for decades. Klutsch et al. (2009),
for example, found that MPB infestation in the northern Front
Range of Colorado would result in mixed-species stands composed
of Engelmann spruce (Pinus engelmannii Parry) and subalpine fir
(Abies lasiocarpa (Hook.) Nutt.), but that lodgepole pine with small
or medium diameters would eventually reestablish dominance. Sim-
ilarly, Diskin et al. (2011) found abundant numbers of canopy and
sapling lodgepole pine missed by attacking beetles following infes-
tations in Rocky Mountain National Park, allowing lodgepole pine
to remain the dominant tree species following the outbreak. They
conclude that preoutbreak forest structure determined postoutbreak
stand development. In a similar study in Colorado, Collins et al.
(2011) predict that preinfested basal area and lodgepole pine density
would return in 80–105 years, and that subalpine fir would become
the dominant species in untreated stands where sanitation salvage of
overstory dead pines was absent.

Methods Used to Quantify Patterns across
Infested Landscape
Categorical Map Analysis

The expansive nature of landscapes, their heterogeneous charac-
ter, the complexity generated by concurrent and sequential
disturbance/recovery processes, and the increasing recognition that
ecosystems offer a large variety of ecosystem services have created a
notable need for better metrics for measuring and monitoring
changing forest ecosystems. At individual and stand scales, preva-
lence and severity have been the traditional metrics used to charac-
terize the magnitude of MPB damage. At the landscape scale, spatial
patterns are important, and spatial statistics have become increas-
ingly significant in characterizing changes caused by disturbances at

this scale. By changing resource patterns, MPB can alter resource-
dependent processes and impact ecological and socioeconomic val-
ues. Spatial statistics are useful for characterizing spatial patterns
associated with these changes. The mathematics of spatial patterns is
relatively new to several fields of studies, including forest entomol-
ogy, but tools to assess spatial processes are becoming more readily
available and analytic techniques more user friendly. Categorical
map analysis involves developing a patch mosaic model composed of
a mixture of well-defined homogeneous patches with abrupt bound-
aries (Wiens 1995, Gustafson 1998). Many metrics have been de-
veloped to quantify the landscape structure based on the character-
istics and distribution of the population of patches across the
landscape (Table 2; McGarigal et al. 2002).

Structural Heterogeneity
Spatial variability of habitat suitable for MPB is an example of

structural heterogeneity. Several studies of beetle risk have aimed at
characterizing suitable habitat, and how suitable habitat is distrib-
uted across the forest landscape (Fettig et al. 2014). For example,
during MPB outbreaks along the Front Range of Colorado in the
mid-1970s, McCambridge and Stevens (1982) found an association
in ponderosa pine stands of MPB-caused mortality with basal area,
tree density, and presence of dwarf mistletoe infection. Similar stud-
ies elsewhere in the western United States found a relationship
between tree mortality and stand density in ponderosa pine stands
(Sartwell 1971, Sartwell and Dolph 1976, Sartwell and Stevens
1975, Schmid and Mata 1992, Schmid et al. 1994, Olsen et al.
1996, Obedzinski et al. 1999). More recently, Negrón and Popp
(2004) showed a relationship between ponderosa pine mortality
and basal area, stand density index, and number of trees per unit
area.

Functional Heterogeneity
Spatial variability among MPB populations is an example of

functional heterogeneity. The most common source of MPB distri-
bution data has been aerial overview sketch mapping (Ciesla and
Klein 1978, Klein et al. 1979). The Forest Service has been survey-
ing forests in this way for decades. In some areas, these surveys
indicate 100% coverage of the forest area. The resulting maps dis-
play the distribution of infested patches as polygons of varying sizes
and varying estimates of the number of infested trees. These maps

Table 2. Change trends of a selection of spatial metrics at different stages of epidemic development during different stages of
development at the landscape scale.

Variable

Stage of spread over the landscape

Primary spread

First order spread Second order spread

Focal expansion Secondary spread Focal overlap Traveling wave expansion

Extent of disturbed area Increasing slowly Increasing moderately Increasing slowly Increasing rapidly Increasing slowly
Percent of landscape affected Increasing slowly Increasing moderately Increasing slowly Increasing rapidly Increasing slowly
Number of disturbance foci Increasing slowly Stable Increasing rapidly Stable Stable
Coefficient of variation for

disturbance foci size
Stable Increasing rapidly Increasing slowly Increasing rapidly Stable

Mean size disturbance focus Stable Increasing rapidly Stable Increasing rapidly Increasing rapidly
Density of disturbance foci Increasing Stable Increasing rapidly Decreasing Stable
Mean nearest neighbor distance Stable Stable Decreasing Decreasing Stable
Edge density Increasing slowly Increasing slowly Increasing rapidly Increasing moderately Stable
Mean shape index Stable Increasing moderately Increasing moderately Decreasing Stable
Largest focus index Small Increasing slowly Stable Increasing rapidly Increasing rapidly
Contagion Small Small Increasing moderately Increasing rapidly Stable
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have served as a rich source of data for large-scale trend monitoring
(Johnson and Wittwer 2008).

Long-Term Trends in Changing Landscape Patterns
Data sets showing the long-term (many decades) changes in dis-

tribution structural or functional heterogeneity of MPB at the land-
scape scale are hard to find. Lundquist (2005) conducted a study of
lodgepole pine forests in southern Wyoming that were infested with
dwarf mistletoe, which has an infestation cycle that includes long-
distance and short-distance spread, which is somewhat similar to
MPB. Trends in several spatial metrics were studied over a period of
nearly 100 years (Figure 4; Table 2). Although dwarf mistletoe
infection causes tree death at a much slower rate than MPB infesta-
tion, these results may suggest what patterns to expect with the
latter. Notably, the large number of spatial metrics offers a rich
source of information but does present a challenge to interpret.
Lundquist defines five long-term patterns: (1) exponential increase
following an initial lag; (2) logarithmic increase following a long lag
interval between initial infection and when progression enters the
log phase; (3) linear or near linear increase; (4) exponential decrease;
and (5) multipeaked irregular patterns. Coops et al. (2010) similarly
examined trends in several spatial metrics created by MPB over a
13-year period and showed that MPB increased abundance, isola-

tion and complexity of patches, and decreased patch size and inter-
spersion. In a related study, Coops et al. (2010) used ordination
techniques with a factor analysis to show that individual patches
caused by MPB were inherently different from those caused by
harvesting.

Spatial Statistical Analysis
In contrast to categorical map analysis, fewer examples of studies

of MPB effects using spatial point analysis can be found. Spatial
statistical analysis is based on the continuous nature of the forest
ecosystem, especially where boundaries are not distinct. Statisti-
cally, patterns in a landscape are commonly measured by how much
an existing condition varies from the random condition. The recog-
nition of nonrandom patterns in biological populations has led to
the development of numerous mathematical models based on
the assumption essential in the formation of particular spatial pat-
terns (Clark and Evans 1954, Dray et al. 2012). These are com-
monly referred to as point process models. In general, departures
from randomness have been tested by assessing the degree and di-
rection that observed distributions deviate from various known
statistical distributions. Landscape ecologists have generally recog-
nized three distinct spatial distributions: random, aggregated, and
regular.

Figure 4. Predicted change in distribution of dwarf mistletoe over a 102-year period. Some aspects of the epidemiology of this disease
is similar to MPB, only it disperses over a period of decades instead of months or years (Lundquist 2005).
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Spatial Interpolation
Spatial interpolation is the procedure of estimating the value of

some variable of interest (e.g., temperature, precipitation, elevation,
abundance of bark beetles, etc.) at unsampled sites within the area
covered by existing observations. Then, given the values of that
variable at a set of sample points, we can use an interpolation
method to predict values of this variable at every point with the area
of interest. A variety of stochastic and deterministic interpolation
methods are available to estimate variables of interest at unsampled
locations, including such methods as inverse distance weighting
(IDW), Theissen polygons, trend surface models, polynomial re-
gression, splining, and kriging (Table 3). Carroll et al. (2004) used
universal kriging to interpolate climate data to evaluate the influence
of climatic conditions on the population dynamics of MPB in Brit-
ish Columbia. Reyes et al. (2012) used spatial autoregressive models
to assess the impact of climate conditions on the number of MPB-
killed trees in British Columbia. Other examples of the application
of spatial interpolation methods used to study the population dy-
namics in forest insect populations are found in Table 3.

Spatial Synchrony
Spatial synchrony is usually measured with autocorrelation sta-

tistics (Liebhold et al. 2004). Spatial synchrony refers to the increas-
ing or decreasing patterns of abundance among disjunct insect pop-
ulations with distance (Liebhold et al. 2004, Økland et al. 2005,
Chapman et al. 2012). Long range dispersal caused by wind and
ambient temperatures might explain spatial synchrony among pop-
ulations separated in space by large distances. In this regard, Lieb-
hold et al. (2004) highlight three causes of spatial synchrony: (1)
dispersal among populations, (2) synchronous stochastic effects,
and (3) trophic interactions with other synchronized species. Kaus-
rad et al. (2011) add, at scales larger than landscapes (� dispersal
ranges) “… population dynamics are influenced and synchronized
by shared weather, forest structure, and possibly antagonistic
species.”

Spatial statistical techniques such as the Moran’s I statistic (Cliff
and Ord 1973) and the cross-correlation statistic (Czaplewski and
Reich 1993) have been used to test hypotheses about spatial patterns
over large geographical areas. These statistics can be used to deter-
mine the spatial scale of pattern or spatial synchrony by examining
how the cumulative spatial correlation changes with increasing dis-
tances outward from a given sample point (Reich et al. 1994). A
variable is said to be spatially autocorrelated when it is possible to
predict the value of this variable at some point in space from the
known values at other sampling points whose locations are known
(Legendre and Fortin 1989). Økland et al. (2005) characterize the
spatial synchrony of MPB outbreaks in Washington and Oregon
compared to five other bark beetles (Ips perturbatus (Eichhoff) in

Alaska, Dendroctonus rufipennis (Kirby) in Alaska, Dendroctonus
pseudotsugae Hopkins in Washington, and Dendroctonus frontalis
Zimmermann in the southern United States) using spatial correlo-
grams to show how the spatial dependences vary with distance. MPB
showed a rapid decline in synchrony with distance compared to the
other bark beetles. Aukema et al. (2006) noted that MPB popula-
tions were synchronous up to 900 km during epidemic years but
become nonsynchronous at distances greater than 200 km at other
times. Aukema et al. (2008) observed that small-scale synchrony
remained high during the collapse of MPB outbreaks, but the large-
scale landscape synchrony diminished.

Spatial Clustering
Regions with similar characteristics can be identified using spa-

tial clustering. With this technique, it is possible to subdivide an area
into a finite number of subregions with similar spatial characteristics
using a multivariate clustering algorithm. Using aerial survey results,
for example, Aukema et al. (2006) applied a spatial clustering
method to define foci where outbreaks originated in southern Brit-
ish Columbia. This method uses a hierarchical cluster algorithm to
identify grid locations across the landscape with similar time series
patterns of beetle activity (� appearance of red crowns as seen from
annual aerial surveys). More recently, Chapman et al. (2012) used
this method to determine the locations of epicenters of the present
MPB outbreak in southern Colorado. In this regard, Chapman et al.
(2012) examined the relative roles of mesoscale climatic conditions,
topography, existing beetle activity, and stand-level factors on the
initiating and sustaining outbreaks of MPB in lodgepole pine and
ponderosa pine forests in Colorado and southern Wyoming from
1996–2010.

Management Implications
Many operational management plans address landscape-scale is-

sues, where decisions are made about what to do and where to do it.
At the landscape scale, impacts are best characterized as changing
patterns of ecosystem goods and services in space and time. An
understanding of the dynamics of MPB at landscape scales should
enable more accurate methods and tools to predict these changes.
Predicting when and where MPB outbreaks would occur, when and
where erupting populations might spread, what they would impact,
and how great these impacts (positive or negative) would be are
major goals of landscape dynamics.

Modeling dispersal of MPB is in its infancy. Use of dynamics
models may eventually be able to show how an adaptive organism
like MPB that is responsive to environmental cues can interact with
complexities of landscape geography and community to generate
landscape patterns. The aim, of course, is to eventually use these
models to predict changing distributions of beetles and the trees

Table 3. Examples of interpolation methods used to study population dynamics of forest insects.

Method Variable(s) Insect(s) Reference

Spatial regression Number trees killed by forest insects All tree killing insects Stewart et al. (2006)
Universal kriging Air temperature and precipitation information Mountain pine beetle Carroll et al. (2003)
Spatial-temporal lattice model Number of beetle killed trees Mountain pine beetle Reyes et al. (2012)
Thiessen Polygons Presence Maritime pine bast scale Matsucoccus feytaudi

Ducasse (Hom. Coccoidea Margarodidae)
Marziali et al. (2011)

IDW Trend index (TI) calculated as the ratio of total
new egg masses to total old egg masses

Oak processionary moth, Thaumetopoea
processionea (L.) (Lep. Thaumetopoeidae)

Marziali et al. (2011)

Ordinary kriging Basal area/ha for the host species of each disease
or insect

Beech bark disease, hemlock woolly adelgid,
gypsy moth

Morin et al. (2005)
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they affect before these events occur. The ability to predict these
changes would enable decisionmakers to make more targeted deci-
sions when MPB threatens managed lands. In their study, de la
Giroday et al. (2011), for example, were able to predict the changing
distribution of MPB using the presence and spatial orientation of
landscape features, and suggest that understanding the influences of
complex topographic patterns on MPB could enable a prioritization
of areas for management. Similarly, Aukema et al. (2006), for ex-
ample, were able to detect locations where MPB outbreaks origi-
nated and suggested that this knowledge could “be used to identify
and prioritize adjacent landscape units for both reactive and proac-
tive management strategies intended to minimize mountain pine
beetle impacts.”

Most of what we know about MPB is based on studies during
epidemic populations. By the time outbreaks occur our ability to
effectively manage their impacts is diminished. The full infestation
cycle, however, includes phases where insect populations are much
more contained and probably more easily managed. Relatively little
is known about the spatial-scale dependence of these nonoutbreak
phases (i.e., during endemic and, to lesser extents, incipient epi-
demic and collapse phases) of MPB’s infestation cycle. In fact,
knowledge of MPB behavior at landscape scales and its natural range
of variability as it relates to different geographic areas is mostly
lacking. As a consequence, Hughes and Drever (2001) cautioned
that since “forest managers cannot predict the consequences of any
management action with complete certainty, the most compelling
reasons for altering forest practices to maintain forest structure
within the natural range of variable is to avoid unexpected disrup-
tions due to imperfect understanding.”

A better understanding of the spatial dynamics of MPB would
almost certainly help in the design and application of more effective
and more efficient surveys for incidence and severity. Gamarra and
He (2008), for instance, suggest that since beetle populations are not
uniformly distributed across the landscape that sampling effort
should not be uniform. Instead, they state, “special attention should
be paid to managing areas that are susceptible to incipient large local
outbreaks, while the prompt localization of small endemic bursts
demands that rigorous sampling be realized in other areas at longer
distances than expected if short-term, diffusionlike dispersal is
assumed.”

Existing models show that diverse composition and configura-
tion is the best and possibly only long-term, large-scale approach to
bark beetle management (Schiebe et al. 2011, Kausrud et al. 2011).
Fettig et al. (2014) concluded that landscapes that contain little
heterogeneity promote the creation of large contiguous areas suscep-
tible to MPB and similar disturbances, and recommend that in
many areas treatments should be implemented to increase landscape
heterogeneity.
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