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For species with irruptive population behavior, dispersal is an important component of outbreak
dynamics. We developed and parameterized a mechanistic model describing mountain pine beetle
(Dendroctonus ponderosae Hopkins) population demographics and dispersal across a landscape. Model
components include temperature-dependent phenology, host tree colonization determined by an Allee
effect, and random-walk dispersal with motility conditioned by host tree density. The model was param-

Ié?rll‘zvlggiiie eterized at a study site in central Idaho, United States (US), and evaluated at an independent site in
Motility northern Washingtqn, US. Phloem and air temperatures, MPB spat‘ial impact data from USDA Forgst
Temperature Service aerial detection surveys, and remotely sensed host tree density data were used to parameterize
Phenology the model using a maximum likelihood approach. At both study sites the model was highly accurate

(>84%) in predicting annual pattern formation when the model was re-initiated each year with the loca-
tion of new patches of infested trees. Prediction of annual population growth at both sites was also
good (>90%), although the model under-predicted area impacted at the Washington site, and at both
sites was unable to predict initiation of new small patches. Our model extends previous research by
providing a mechanistic description of the link between motility, dispersal and temperature-dependent

Ecological diffusion
Outbreak pattern

MPB phenology.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Dispersal is a key process that connects local population dynam-
ics with patterns at larger spatial scales across a landscape.
Dispersal consists of short- and long-distance movement of indi-
viduals away from an original source (Nathan et al., 2003). For
organisms with irruptive population behavior, dispersal is a key
element in population outbreak dynamics (Bjornstad et al., 2002;
Aukema et al., 2008). Integrating across temporal and spatial scales
is inherently complex, however, and processes that influence dis-
persal and resultant landscape patterns are unclear for many
well-studied species. The mountain pine beetle (MPB) (Dendroc-
tonus ponderosae Hopkins, Coleoptera: Curculionidae, Scolytinae)
is an economically and ecologically important native species that
has caused significant mortality in Pinus forests across the western
United States and Canada (Meddens et al., 2012). Rapid popula-
tion growth and inherent positive feedbacks are hallmarks of this
species (Raffa et al., 2008). Due to its economic impact, there is an
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impressive amount of scientific information on MPB, yet the con-
nection of processes at local and large spatial scales and their role in
population outbreak dynamics remains unclear (Logan et al., 1998).

Unlike many phytophagous insects, successful MPB reproduc-
tion almost always results in death of all or part of the host. Rather
than a passive response, host trees have evolved varying defense
structures and resin response mechanisms that reduce vulnerabil-
ity to attack by bark beetles and their fungal and bacterial associates
(Boone et al., 2013; Kane and Kolb, 2010; Raffa et al., 2012). There
is a density-dependent influence, however, on the effectiveness of
host-tree defenses against attack. Vigorous, well-defended trees
require rapid attack and colonization by a large number of bee-
tles (i.e., a mass attack) that outpace tree response (Berryman et al.,
1985). Conversely, trees stressed by biotic and abiotic agents have
a reduced capacity for defense and can be easily overcome by low
numbers of beetles (Raffa et al., 2005). The better defended, more
vigorous trees tend to be larger and have higher nutritional qual-
ity thereby leading to a positive feedback as beetle population
density increases (Boone et al., 2011). Like other ectotherms, devel-
opmental timing that results in synchronous MPB emergence and
increased likelihood of mass attack is a direct result of tempera-
ture (Safranyik et al., 1975; Bentz et al., 1991), among other factors.
On a given tree, peak MPB attacks that are responsible for death of
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an individual tree can occur within a few days (Bentz et al., 1996),
although emergence from multiple trees within a stand can happen
over an extended time period, providing sufficient beetles to mass
attack multiple well-defended host trees in a localized area (Bentz
et al., in press).

The numerous outbreaks across a broad latitudinal and eleva-
tional gradient in western North America the past 100-150 years
(Alfaro et al., 2004; Evenden and Gibson, 1940; McGregor, 1978;
Meddens et al., 2012; Perkins and Swetnam, 1996) highlight the
role of adaptation to local thermal regimes in MPB success (Bentz
etal,2011).The severity and distribution of some recent outbreaks,
however, differ from what can be inferred from historical records.
Moreover, despite the expansive range of MPB, suitable pine hosts
extend to the north and south of the current distribution, and
range expansion in northern latitudes is ongoing (Cullingham et al.,
2011). Increasing temperature associated with climate change is
believed to be a significant factor in recent outbreaks and range
expansion, with positive influences on development timing and
cold survival (Logan and Powell, 2001; Sambaraju et al., 2012).
Process-based models describing the effect of temperature on bark
beetle developmental timing and survival have been developed
(Safranyik, 1978; Bentz et al., 1991; Gilbert et al., 2004; Preisler
et al.,, 2012; Régnieré and Bentz, 2007; Régniére et al., 2012), and
have been used to analyze MPB population response to historic and
future climate regimes (Bentz et al., 2010; Safranyik et al., 2010).
Powell and Bentz (2009) combined temperature-driven phenology,
controlling adult emergence timing, with a daily threshold num-
ber of beetles required to overwhelm defenses of new host trees
under attack (i.e., Allee effect) to produce a model for predicting
local population growth rate within a watershed. Using observed
phloem temperatures to drive their mechanistic model, year-to-
year details of population growth rates and the transition from
incipient to epidemic levels of MPB were predicted. The model pro-
vides an accurate description of MPB population growth through
time, yet the spatial behavior of MPB population spread remains
undescribed.

Proliferation of small spots of infested trees is largely dependent
on short-range movement under the stand canopy that is condi-
tioned by host tree availability and size, MPB population levels,
weather, and behavior-modifying chemicals (Mitchell and Preisler,
1991; Safranyik et al., 1992). Through a chemically mediated syn-
ergistic reaction with host defensive compounds, MPB release
aggregation pheromones that attract additional beetles (Pitman,
1971; Hughes, 1973) resulting in a mass attack on a single focus
tree. Individual trees are finite resources that can be overexploited,
however, and a complex suite of derived compounds and behaviors
have evolved to redirect attacking beetles to nearby trees (Borden
et al., 1987; McCambridge, 1967; Bentz et al., 1996). The combina-
tion of self-focusing and self-dissipating forces results in an Allee
effect whereby success is enhanced by increasing density at low
population levels (Logan et al., 1998). Given appropriate tempera-
ture, host trees, and a sufficiently well-synchronized emergence
this mechanism can result in spot proliferation (Geiszler et al.,
1980).

Safranyik et al. (1989) developed an empirical approach to
predict the directional distribution of MPB responding to semio-
chemicals given wind direction, speed and temperature as it
influences MPB emergence. A spatially explicit model describing
host tree switching based on similar variables was developed by
Powell et al. (1996), parameterized using the spatio-temporal pat-
tern of attacked trees in a stand (Biesinger et al., 2000), and used in
ananalysis to test hypotheses of MPB outbreak ecology (Logan et al.,
1998). These modeling exercises support the notion that higher
local host density, which minimizes pheromone plume dispersion,
reduces wind, and promotes successful switching to nearby hosts,
positively influences outbreak propensity. Given the vagaries of

plume dynamics and micrometeorology, however, it is unlikely
that a mechanistic model for MPB dispersal including chemotactic
details can be predictive.

Ignoring the effects of behavior-modifying chemicals, Heavilin
and Powell (2008) fit deterministic integrodifference equation
models to data describing spatial patterns of MPB killed trees. The
models incorporated possible Allee effects using type III functional
responses and described MPB dispersal via Gaussian and exponen-
tial dispersal kernels (Heavilin et al., 2007). The models predicted
that mean dispersal distances were between 15 and 50 m, a find-
ing similar to other studies (Safranyik et al., 1992; Robertson et al.,
2007), although no parameters tested reconciled predictions with
observed spatial pattern at any scale. More than three quarters of
attacks on new trees occur within 100 m (Robertson et al., 2007),
but a significant aspect of MPB dispersal is long distance movement
(>2 km, Robertson et al., 2009). At least some of this movement
occurs above the canopy (de la Giroday et al., 2011), and localized
infestations can irrupt in areas geographically disjunct from other
spots (Aukema et al., 2006). Empirical models (Aukema et al., 2008)
clearly indicate that longer-range dispersal, linked with temper-
ature, is necessary to understand mountain pine beetle outbreak
progression. However, a mechanistic description of how tempera-
ture and dispersal control MPB population spread in space and time
does not exist.

The goal of our study was to develop a mechanistic model for
MPB outbreak dynamics incorporating three simple mechanisms:
(1) effects of temperature on adult emergence distribution, (2)
random-walk dispersal conditioned on local host density, and (3)
an Allee effect requiring MPB attack density to exceed a specified
tree defensive threshold for successful colonization of a host tree.
The dispersal model reflects three basic assumptions about beetle
movement:

¢ Beetles can effectively focus their attacks on individual hosts to
exceed defensive threshold within a small area (~10 m).

o At larger scales beetle movement rates are conditioned on local
density of host trees. That is, probability of leaving a stand
depends directly (and inversely) on the density of live hosts in
the stand. Beetles move rapidly through areas with sparse host
trees and slowly where host trees are dense. We assume there is
no response to landscape-scale gradients of behavior-modifying
chemicals.

¢ Dispersal occurs on a diurnal cycle; MPB either successfully dis-
perse and attack new hosts or die within a relatively short (daily)
time period.

At a population level, such a model amounts to ‘ecological dif-
fusion’ (Turchin, 1998), in which the probabilities of individuals
leaving a patch (i.e., a stand of host trees) is proportional to the
‘motility’. Turchin’s motility is inversely related to residence time
per area of habitat and (equivalently) inversely related to the resis-
tance of a patch to beetle movement. In the case of MPB motility we
assumed that motility is strongly conditioned by local host density.
We constructed our ecological diffusion model using motilities that
decrease exponentially with host density, reflecting increasing res-
idence time for beetles within a patch when there are more hosts
to sample. Conversely, residence times will be short (small resis-
tance to movement) in patches with few or no hosts, allowing for
relatively rapid and longer-distance dispersal.

We review a phenology model linking hourly temperatures and
MPB emergence distribution with an Allee effect for successful host
colonization (Powell and Bentz, 2009), then present an ecological
diffusion model describing MPB dispersal that is dependent on host
tree density. The coupled models were parameterized using max-
imum likelihood and host tree density, spatial MPB impact data
and temperature data from a study area in central Idaho. Since the
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maximum likelihood approach required frequent, fine-scale, com-
putationally intensive integration of the coupled models, we used
a homogenization approach to accelerate solutions by six orders of
magnitude while maintaining accuracy. The model was evaluated
using host tree density, spatial MPB impact data and temperature
data from an area with recent MPB activity in northern Washington.
Results, assessed by spatial correlation, growth rate comparison
and confusion matrices, indicate that although the model missed
initiation of small spots of infested trees each year, more than eighty
percent of the observed pattern of total impact at the landscape
scale was captured.

2. Methods
2.1. Study areas

2.1.1. SNRA study area

The Sawtooth National Recreation Area (SNRA) in central Idaho
was chosen as our study area for several reasons. A single host,
lodgepole pine (Pinus contorta Douglas), predominates and grows
in stands with relatively homogenous demographics at the lowest
elevations. Lodgepole pine stands in the SNRA are within a coherent
geographic unit, bounded by 3000+ m mountains on three sides,
minimizing factors such as immigration that have been shown to
be importantin MPB outbreaks (Aukemaetal.,2008). The landscape
is characterized by a valley and surrounding mountains. The valley
opens to the north, cross-wise to prevailing weather patterns, and
is small enough that the entire valley experiences the same general
climate.

The study area is a rectangular region from approximately
44°22’N to 43°44'N (~60km) and 115°10W to 114°28'W
(~30km), comprising over 1800km?2. Elevation ranges from
1651 m to 3605 m; vegetation types range from shrub and grass-
lands to coniferous forests dominated by Douglas fir (Pseudotsuga
menziesii (Mirb.) Franco), subalpine fir (Abies lasiocarpa [Hook.]
Nutt),and lodgepole pine and whitebark pine (P. albicaulis Engelm.).
Densities of pine average 450 trees/ha, although the valley includes
many dense stands of 1000 trees/ha as well as meadows and pas-
ture land with no hosts. Extensive barren areas exist above tree-line
at the highest elevations. The climate is characterized by very cold
winters (nighttime temperatures often less than —20°C) and mild
summers (daytime temperatures generally below 25°C).

Between 1995 and 2005 a MPB outbreak occurred throughout
the SNRA study area, impacting more than a third of the pine host
type (Pfeifer et al., 2011). Extensive studies on MPB phenology and
life history have been conducted within the study area boundary
(Bentz and Mullins, 1999; Bentz, 2006; Powell and Bentz, 2009),
and populations from this area were used in development of rate
curves included in the MPB phenology model.

2.1.2. Chelan study area

For purposes of validation, our modeling approach was applied
to observations collected in a novel region. The Chelan study
area in northern Washington encompasses over 446,000 ha,
from approximately 47°56’' N to 48°35’'N and from 119°52'W to
120°44' W. Elevations range from 336 m at Lake Chelan to peaks at
2700 m. The study area is comprised of public and private lands,
including portions of the Methow Valley and Chelan Ranger Dis-
tricts, Okanagan-Wenatchee National Forest, and North Cascades
National Park. The Methow River drainage characterizes the eastern
half of the study area. Coniferous vegetation within the study area
includes ponderosa pine (P. ponderosa), lodgepole pine and white-
bark pine; Englemann spruce (Picea englemannii Parry) and Douglas
fir, with host trees averaging 500 trees/ha. The Chelan study area
boundary was chosen to encompass pine vegetation susceptible to

MPB infestation and active MPB patches based on ground surveys.
MPB impact began in the late 1990s and peaked in 2008 (Crabb
etal., 2012).

2.2. Pine density data

Spatially explicit datasets of pine density at 30-m resolution
were derived for both study areas using existing geospatial datasets
of vegetation composition and structure (Crabb et al., 2012). Briefly,
for the SNRA study area forest density (trees per hectare >2.54cm
DBH) at 250 m resolution, developed by the USDA Forest Service FIA
(Blackard et al., 2008), were downscaled to 30 m resolution using
data from the inter-agency Landscape Fire and Resource Manage-
ment Planning Tools Project (LANDFIRE). Data from the GNNFire
project (LEMMA, 2005; Pierce et al., 2009) were used to derive pine
density matrices of potential pine hosts for the Chelan study area
at 30 m resolutions. Methods for both study areas are described in
detail in Crabb et al. (2012).

2.3. Phloem temperature data

The developmental environment of MPB is the phloem of pine
trees, which is often significantly warmer than ambient tempera-
tures, particularly on the southern bole aspects due to radiant solar
input (Lewis, 2011). In lodgepole pine, northern bole aspect tem-
peratures track ambient temperatures with a short time lag and
thermal buffering, although they are occasionally slightly higher
than ambient, possibly due to re-radiation of solar energy from
the surroundings. MPB develop and emerge on all aspects of a tree
equally well (Rasmussen, 1974; Bentz, 2006), although adults that
emerge from south bole aspects tend to be smaller (Bentz et al.,
in press). Phloem temperatures were measured on both northern
and southern aspects of the bole at a height of approximately 1.8 m
above the ground. Phloem temperature probes consisted of fine-
gauge (24 AWG) chromega-constantan thermocouples (OMEGA
Engineering, Inc., Stamford, CT) and were connected to a datalog-
ger (Campbell Scientific, Inc., Logan, UT). Air temperature was also
recorded in each stand using a Campbell 107 thermister temper-
ature probed mounted in a 6-plate louvered shield. Temperature
data was recorded every minute, averaged, and stored for each
hour. Continuous records from initiation of attacks on trees to adult
emergence 1 and 2 years later were collected.

At the SNRA study area, a total of 12 MPB-infested lodgepole
pines at 4 sites were monitored. Temperature data were taken
from different infested trees in sequential years forming a contin-
uous thermal record from JD 200 in 1994 to JD 289 in 2004. At
the Chelan study area, phloem temperatures of MPB-infested trees
were measured for two successive MPB generations between 2009
and 2011. Four trees were monitored each year at three sites within
the Chelan area, two in lodgepole pine and one site in whitebark
pine (Bentz et al., in press).

Downscaled daily maximum and minimum air temperature pre-
dictions, at approximately 6 km spacing, were obtained for the
SNRA and Chelan study sites from the Climate Impacts Group
(Littell et al., 2011). The downscaled temperature data is based on
an ensemble delta method. Thirty-seven downscaled grid points
covered the SNRA study area over the time period 2004-2006, and
56 grid points were obtained for the Chelan study area for the time
period 1990-2009. Because phloem temperature is often differ-
ent than ambient air temperatures within a lodgepole pine stand,
phloem temperature was predicted from the downscale air tem-
perature measurements using a reverse-bootstrapping approach
(Lewis, 2011). Essentially, observed phloem temperatures were
used in a look-up table, labeled with the day’s ambient maxi-
mum and minimum temperatures and the next day’s minimum.
Phloem temperatures at novel points were selected from the



176 J.A. Powell, BJ. Bentz / Ecological Modelling 273 (2014) 173-185

look-up table using the closest least-square-error match to the local
daily min-max-min air temperature signal. For both study sites
corresponding predictions of annual phenology were generated at
each downscaled temperature grid point using the MPB phenology
model. Model output was then distributed across the landscape
using a nearest-neighbor approach that associated points on the
landscape with closest grid locations using altitude, slope and
aspect.

2.4. Aerial detection survey data

Geo-referenced data describing the annual number of MPB-
killed trees was obtained for both study areas beginning in 1991
and 1980 for the SNRA and Chelan areas, respectively (USDA For-
est Service, www.foresthealth.info/portal). The aerial detection
surveys (ADS) are conducted in a fixed-wing aircraft by trained
observers that manually record numbers of killed trees based on
the color of tree foliage (Halsey, 1998). Foliage of dead, beetle-killed
trees changes from green to red within a single year. ADS datasets
include ‘damage’ polygon shapefiles with metadata describing the
estimated number of trees per acre affected and a code for the
damage causal agent(s) (DCA). Only areas with at least 20 trees
per hectare were mapped. These georeferenced data served as our
source of information on the spatial location, timing, and intensity
of MPB impact in both the SNRA and Chelan study areas.

Polygons depicting MPB impact were queried using their unique
DCA code by host tree species. Rasters of total MPB impact by year
were created by summing MPB impacts across observations for
each polygon, then converting the polygons to rasters. The rasters
were produced at a 30 m resolution and kept in the same coordi-
nate system as the original ADS shapefiles, North American Datum
(NAD) 1983 Albers for both study areas. All other geospatial raster
data used in this study were converted into this projection at 30 m
resolution using ArcGIS 9.3 software (ESRI, 2008).

2.5. Predicting phenology from phloem temperatures
MPB complete eight life stages underneath the bark of colonized

hosts, and progress in each stage depends directly on temperature
(Bentz et al., 1991). As females excavate a nest gallery vertically

Table 1

under the bark they lay approximately 2eggs/cm, immediately
injecting the distribution of ages with several weeks of variance.
Eggs hatch in 1-3 weeks and the larvae burrow horizontally, con-
suming phloem. Individuals molt through four larval instars, after
which the larvae excavate a chamber and pupate. Teneral adults
then consume sporulating fungi inside the pupal chambers, fin-
ishing development and preparing to burrow back out through
the bark to seek new hosts one or two years later. Development
in each stage proceeds at a rate depending directly on phloem
temperatures, and each individual develops at a slightly different
rate in each stage, potentially broadening the emergence distribu-
tion in time. On the other hand, different life stages have different
lower thermal thresholds, mainly increasing in the later life stages
(Jenkins et al., 2001). This exerts a synchronizing influence, com-
pressing the emergence distribution as individuals molting from
one stage find themselves below threshold in the next stage, allow-
ing slower developers to catch up (Powell et al., 2000).

We used the phenology model developed for MPB by Gilbert
et al. (2004), accounting for developmental variability in each
stage and driven by developmental rates with stage-specific devel-
opmental thresholds and thermal optima (Table 1). Details are
presented in Appendix A. The model was driven by south side
phloem temperatures, as suggested by Powell and Bentz (2009), but
sensitivity to differing thermal inputs was also tested. In the current
model we assume that phloem temperatures are the main driver of
MPB development rate. We acknowledge that other factors, which
may themselves be affected by temperature, can also influence MPB
development rate including fungal symbionts (Addison et al., in
press), humidity, and parasites and predators (Amman and Cole,
1983).

2.6. Modeling dispersal and attack

The ecological diffusion model,
o (& ¥
EZ (axz'i‘ayz [u(S)P], (1)

was used to distribute dispersing beetles (P) across the landscape.
Individuals leave a patch atrate w(S)P(Turchin, 1998), where motil-
ity (u(S)) decreases with the density of susceptible hosts (S). Each

Variables used in the integrated model predicting the evolution of MPB attack patterns. Hectares denoted by ‘ha’.

Variable Description

Units

Phenology model

pia, t) Density of MPB at age a in life stage i at time ¢ during development MPB/(age class)
T(t) Hourly temperature at time t during development °C
ri[T(6)] Developmental rate curve in life stage i 1/day
Ea(j) Emerging (adult) MPB on Julian day j of year n MPB/day
Ry Population growth rate (discrete) in year n -
Dispersal and attack model

P(x,y,t) Density of dispersing MPB at (x, y) at time t during a day MPB/ha
S(x,y) Density of susceptible (>20 cm DBH) host trees at (x, y) stems/ha
wix,y) MPB motility at (x, y) km?/day
Cx,y,J) Number of colonizing MPB in pixel centered at (x, y) on day j MPB
HSMs(x, y) Density of observed red top trees at (x, y), year n stems/ha
HP™(x, y) Density of predicted red top trees at (x, y), year n stems/ha
MLE approach

Oj’?_k Impacted area observed at error grid location (xe;, ye,) in year n km?

Ij'f i Impacted area predicted at error grid location (xe;j, yey) in year n km?

NLL, Negative Log Likelihood in year n -

L Total likelihood of the parameters given the data -
Homogenization

c(x,y,t) Realized MPB motility at (x, y) at time t during a day of dispersal MPB-days
nix,y) Geometric average of motility km?/day
Q(x,y) Spatial region, centered at (x, y), for calculating geometric average -

1192(x, ¥)I| Area of the region Q(x, y) km?
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Table 2

Parameters used in the integrated model to predict the evolution of MPB attack patterns. Either parameter estimates or nominal parameter values appear as appropriate.

Above we denote hectares by ‘ha’.

Parameter Description Units
Phenology model

Vi Rate of developmental variance increase with time in stage i 1/day

N Surviving brood per infested tree MPB

Dispersal and attack model

o MPB motility in habitat with no hosts 3.79 km?/day
1 Exponential rate of decrease of motility with host density -10.9

N Brood/infested tree which survive to emergence 2043 MPB/tree
1 Impact; assumed number of infested trees per impacted ha 100 trees/ha

r Attack Radius 17m

A Attack threshold 39.8 MPB

o Number of trees colonized/successfully attacking MPB 1/698 trees/MPB
Ax Width of individual pixel in x direction 30m

Ay Width of individual pixel in y direction 30m

MLE approach

B Maximum number of new infested trees created per pixel 31.0 trees

B2 Decrement of potential new infested trees imposed by attack threshold 0.067 trees

Axe Width of error grid in x direction 0.96 km

Aye Width of error grid in y direction 0.96 km

o? Variance of error distribution 2.33 x 1073 km?

day’s emerging MPB in a pixel was proportional to the number of
infested trees (H9>) and the number of brood per tree (N). Emer-
gence predictions for each day were generated using south side
phloem temperatures, following Powell and Bentz (2009). At the
end of each day beetles arriving at each pixel contributed to suc-
cessful attacks based on their probability of exceeding an attack
threshold, A, within an attack radius, r, of pixel center. It was
assumed that all beetles within this radius could coordinate their
efforts to attack any given tree within the pixel; thus, within an area
of 712 of pixel center all arriving MPB were allowed to collaborate
to exceed attack threshold on individual trees in the pixel. At the
end of the season all successfully attacking MPB in each pixel were
summed over the season and converted into newly attacked trees,
Hﬁfld, at arate « trees/MPB. The model was re-initialized each year
with ADS observations of the spatial location of new infested trees.
Mathematical details of this procedure are presented in Appendix
B.
Motility was of the form

S(x,y)} .

1000 2)

W= ko €Xp [f(m +In(120))
This gave a maximum dispersal rate of ;1o km?/day when no hosts
were present, decreasing exponentially to e~#1 in a densely stocked
stand with S=1000 trees/ha. Both o and w; were unknown a
priori, although it was expected that ug is of order 1-5km?2/day,
accommodating evidence thatlandscape impacts correlate at scales
<10km (Aukema et al., 2008). By contrast, e"#1 was expected to be
only tens of squared meters per day, reflecting observations that
mean dispersal distance in infested stands is on the order of tens of
meters among susceptible hosts (Safranyik et al., 1989; Robertson
et al., 2007). The exponential decrease in motility with suscepti-
ble host density reflected increasing residence time in more dense
stands as MPB search for susceptible hosts or hosts currently under
attack (Table 1).

2.7. Estimating parameters using ADS data

Maximum likelihood estimation (MLE) was used to optimize
correspondence between observed ADS patterns of MPB-caused
tree mortality and model predictions on 0.48 km (sixteen 30 m
pixel) blocks. The unknown parameters were (g and /41 (describing
motility), number of surviving brood per attacked tree (N), den-
sity of attacked trees/ha (I) within each ADS pixel, attack radius (r),

attack threshold (A), and number of successfully colonizing MPB
per new impacted tree (1/«). These parameters were not all identifi-
able; predicted impacts depended on two parameter combinations,
B1=mar?NI and B, =aA, as well as the motility parameters /1o and
(1. The four identifiable parameters, (o, (1, 81 and B, were esti-
mated using MLE; estimates for N and A were determined using
reference values for «, r and I consistent with field observation
(see Table 2). Details of the likelihood function and optimization
procedure are given in Appendix C.

2.8. Accelerating predictions using homogenization

Implementation of the dispersal model as part of an MLE
approach was computationally intensive. For each choice of param-
eters the ecological diffusion model required integration on a
1000 x 2000 grid of 30 m pixels over nine years. Each year had
at least 30 days of peak emergence, which would have required
subdivision into 30s time steps to maintain computational accu-
racy with maximum motility on the order of 1km?2/day. However,
the ecological diffusion model could readily be homogenized to
speed up the computational approach. This procedure used asymp-
totic techniques to deduce a related, ‘homogenized’ equation on
large spatiotemporal scales. Solutions to the homogenized equation
were then projected onto small scales to accurately, but rapidly,
provide results at individual pixels. Details of homogenization for
ecological diffusion are presented in Garlick et al. (2011), and a
summary is in Appendix B. In our case, homogenization allowed
computations on scales at least 30 times larger in space and 1000
times larger in time, giving a speed-up of six orders of magnitude.

2.9. Analysis of model performance

Model accuracy was tested in several ways. Growth rates for
a given year, used as one measure for model success, were cal-
culated as the ratio of the current year’s area impacted with the
previous year’s area impacted across an entire study area. To
assess spatiotemporal predictivity, each study area was divided
into ‘error’ blocks 0.96 km (thirty-two 30 m pixels) on a side, and
presence/absence of predicted/observed MPB impact denoted as
either one or zero. A confusion matrix was constructed by tallying
correct and incorrect predictions across all years. Diagonal ele-
ments of the confusion matrix are correct model predictions and
off-diagonal elements are either false negatives (lower left) or false
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Table 3

Confusion matrix for model predictions, tabulating agreement between model pre-
dictions and observations on a grid with cell width 0.96 km across all years of model
prediction. Diagonal elements of the confusion matrix are correct model predictions
of either MPB impact or non-impact; the off-diagonal elements are either false neg-
atives (lower left) or false positives (upper right). The ratio of correct (diagonal)
elements to all elements gives an accuracy of 85.66%.

Model predicts

Non-impacted cell Impacted cell

Non-impacted cell observed 1786 2001
Impacted cell observed 520 13,270

positives (upper right). The sum of the diagonal elements divided by
the total of all elements provides an indication of the percent model
accuracy across all pixels and years, reported as model predictiv-
ity. Spatiotemporal correlation coefficients were also calculated for
the model on the 0.48 km (16 pixel) blocks used for model parame-
terization (see Appendix C). Each yearly raster of ADS observations
and corresponding model predictions were converted to vectors
and those vectors concatenated across years. The correlation coef-
ficient between predictions and observations was reported as the
model correlation.

2.10. Model sensitivity

To test the robustness of model predictions, simulations were
run using ADS, host density and temperature data from the Chelan
study area from 1990 to 2009. Model parameters estimated for
the SNRA study area were used in model runs (Table 2). Hourly
temperature data from 1990 to 2009 were estimated using the
downscaled temperature data and reverse-bootstrapping (Lewis,
2011) that was based on observed phloem and air temperature
data at 3 sites within the Chelan study area from 2009 to 2011.
Model accuracy was tested as described above for the SNRA study
area.

To test model sensitivity critical inputs and estimated parame-
ters were altered. Sensitivity to thermal input was tested by using
phloem temperatures from the north bole aspect and air temper-
ature, rather than south bole aspect temperatures. The effect of
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Fig. 1. Comparison of yearly predicted area of impact with observed area of impact
in the SNRA on a logarithmic scale. The line of perfect prediction, with slope 1, is
indicated; model predictions are indicated as small circles. The more closely the
predictions conform to the line the better the model predictivity.
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Fig. 2. Density plot of model predictions for the SNRA, summed across years from
1995 to 2003, compared with contours of ADS observations likewise summed across
years. Contours of ADS data indicate regions in which ADS observations exceeded
one MPB-attacked tree in a 30 m pixel in some year. Model predictions are rendered
in a ‘hot’ colormap with white saturating at 1000 predicted total killed trees per
hectare and black indicating no attacked trees in any year. Cell by cell correlation
on squares of size 0.9216 km? was r=0.7502.

host density was tested by altering tree density of individual pix-
els. Pixels with host densities >200 trees/ha were replaced with the
overall mean density of all pixels, and pixels with <200 trees/ha
were replaced with 0. The exponential decrease in motility (141)
was reduced by 50%, corresponding to an overall increase in motil-
ity in densely stocked patches. The influence of the Allee effect,
or the threshold number of emerging beetles required to success-
fully overcome a tree, was tested by setting A to O (i.e., no effect),
10 and 100. The values of 10 and 100 were chosen as reasonable
upper and lower credible limits for attacks on individual trees to
become self-sustaining, based on observations of attacks on baited
trees (Bentz et al., 1996). The number of surviving brood directly
influenced how many emerging adults are available to potentially
surpass the threshold of attack. Model sensitivity to this variable
was tested by reducing the original value by 50% and doubling the
original value.
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Fig. 3. Comparison of yearly predicted growth rates (solid) with observed growth
rates (*) in the SNRA. Growth rates for a given year are diagnosed by computing the
ratio of current year’s area impacted by MPB with previous year’s impacted area.
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3. Results
3.1. SNRA study area

MLE parameters are given in Table 2. Robustness of the optima
was tested by repeated iteration of the search algorithm for differ-
ing initial parameter ‘guesses’. The best estimate for unimpeded
motility was po=3.79km?/day, with an associated exponential
decrease estimated at pq=-10.9/1000 hosts, corresponding to
1 =18.5m?/day in a pixel stocked with 1000 hosts per hectare. The
best estimate for number of surviving brood per infested host was
N=2043. This parameter was contingent on the assumption that
newly colonized hosts contain 1/« =698 female MPB (Powell and
Bentz, 2009). If each female produces 80 eggs (Régniére et al.,2012),
this equates to a survivorship of 4%, which is reasonable during an
outbreak (Safranyik and Carroll, 2006). The daily threshold for suc-
cessful attack was estimated to be A=39.8 MPB/day per tree, using
a 17 m attack radius.

Treating each 0.48 km parameterization block in each year as
a binary element (zeros/ones for non-impact/impact by MPB) in
separate vectors of predictions and observations, we calculate a
correlation coefficient of 0.7502 (%2 =0.563) between predictions

' 10 20 I 30
X (km)

Fig. 4. Density plot of model predictions in the Chelan study area summed across all years, compared with contours of ADS observations likewise summed across all years
(1990-2009). Contours of ADS data indicate regions in which ADS observations exceeded one infested tree in a 30 m pixel in some year. Model predictions are rendered in
a ‘hot’ colormap with white saturating at 1000 predicted total MPB-killed trees per hectare and black indicating no MPB impact in any year. Across years and pixels model

predictions of presence/absence correlated with observations at r=0.7486.
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Fig. 5. Comparison of yearly predicted area of impact with observed area of impact
in the Chelan study area on a logarithmic scale.

and observations of impact. A confusion matrix, crossing predic-
tions and observations of MPB-impacted and non-impacted grid
cells is presented in Table 3. The diagonal elements of the confu-
sion matrix are correct model predictions; off-diagonal elements
are either false negatives (lower left) or false positives (upper right).
The sum of the diagonal elements divided by the total of all ele-
ments is 0.8566, indicating 85.66% accurate predictions. Yearly
correspondence between predicted and observed area impacted is
compared in Fig. 1. Total net impact across all nine years of pre-
diction and observation is conveyed by the density/contour plot in
Fig. 2. To test sensitivity of the correlation coefficients and confu-
sion matrix to spacing/positioning of the error grid the size of error
grids was changed both up and down by a factor of two; accu-
racy measurements were altered by less than one percent. In Fig. 3
growth rate predictions for the spatial model are compared with
observations, giving rZ = 0.926.

3.2. Model validation in Chelan study area

Using model parameters estimated for the SNRA study area
(see Table 2) and downscaled temperature data the model was
applied to the Chelan study area. A confusion matrix, calculated
on 0.96 km pixels, indicated a predictivity (fraction of true positive
and true negative predictions) of 84.81% (see Table 4). Total net

Table 5

Table 4

Confusion matrix for model predictions in the Chelan study area, tabulating agree-
ment between model predictions and observations on square 0.9216 km? cells from
1990 to 2009. Simulations were run with nominal model parameters (see Table 2).
Diagonal elements of the confusion matrix are correct model predictions of either
impact or non-impact; the off-diagonal elements are either false negatives (lower
left) or false positives (upper right). The ratio of correct to all elements indicates an
accuracy of 84.81%, comparable to SNRA study area results.

Model predicts

Non-impacted cell

Non-impacted cell observed 5467 6759
Impacted cell observed 6913 70,845

Impacted cell
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Fig. 6. Comparison of yearly predicted growth rates (solid) with observed growth
rates (*) in the Chelan study area, using parameters estimated for the SNRA. The
model had r? =0.9349.

MPB impact predicted by the model compares favorably with net
impact observed (Fig. 4), with overall correlation of 74.86%. While
the general outlines of the areas impacted matched up quite well,
it is apparent that the model predicted many small spots of infes-
tation inside areas outlined by the ADS observations, resulting in
net under-prediction of area impacted by MPB (see Fig. 5). How-
ever, the fit of growth rates was excellent, matching almost all the
details of the time series with an overall r2=0.9349. The excep-
tional year was 2008, in which predicted growth rates bumped up
while observed growth rates bumped down (Fig. 6), potentially due
to depletion of susceptible hosts in previous years.

3.3. Model sensitivity

When north bole aspect or air temperatures were used to run
the phenology model, the resulting confusion matrices and val-
ues of the correlation coefficient differed by less than 1% (Table 5).
These results are encouraging and suggest the model can be run
using air, rather than phloem temperature. Altering the Allee effect
(i.e., A, threshold number of beetles required to overcome tree

Results of model sensitivity analysis. Critical model inputs and parameters were altered to assess model sensitivity, including change of study area, thermal inputs, degree to
which host density affects beetle movement (141 ), attack threshold (Allee effect, A) and the number of surviving brood per tree (N). Nominal values are model performance
based on MLE estimated values using data from the SNRA study area. Effects on model performance are summarized as predictivity (percentage confusion matrix represented
by diagonal), correlation (correlation coefficient of observed and predicted pattern across years on 0.96 km? blocks, in percent), and 12 of the predicted growth rate (fraction

of growth rate variance described by model).

Input changed From To Predictivity Correlation Growth rate
Nominal values - - 85.7 75.0 0.93
Study area Sawtooth Chelan 84.8 74.9 0.94
Host density Observed Mean 83.0 61.2 0.18
Phloem temperature South side North side/ambient 85.1 74.9 0.92
Minimum motility (z¢1) -109 -6 81.6 51.7 0.04
Attack threshold (A) 39.8 MPB/day 100 86.1 76.0 0.91
10 85.5 74.9 0.92
0 21.4 14.3 0.32
Surviving brood (N) 2023 MPB/tree 1022 86.4 75.9 0.92
4046 85.6 75.1 0.92
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defenses) had a much larger effect on model accuracy. When the
Allee effect was completely removed, model predictivity dropped
to less than 21% (Table 5). When the attack threshold was reduced
or increased, however, model predictions changed <0.5%, with a
slight increase in false positives. Changing the number of beetles
that survive to emerge from a tree, N, was similar to altering the
attack threshold. Decreasing N by 50% increased model predictivity
by approximately 1%, and doubling the number of survivors had no
appreciable effect on model accuracy.

Altering host tree density reduced model predictivity to 83%
with a much larger reduction in the correlation coefficient and fit
between predicted and annual growth rates (Table 5). Most of the
loss in predictivity was due to an increase in false negatives from
520 to 1986. Altering beetle motility also decreased all aspects of
model accuracy. Changing i1 from —10.9 to —6, corresponding to
a motility increase from 18.5 to 2480 m?/day at host densities of
1000 trees/ha, resulted in areduction in predictivity, the spatial cor-
relation coefficient and fit between predicted and annual growth
rates (Table 5). False negatives increased by a factor of five from
520 to 2561, and only 4% of the variance in annual growth rates
were described by the model.

4. Discussion and conclusion

We describe an ecological diffusion model that integrates
observed host tree density with MPB dispersal across a landscape.
The premise of the dispersal model is that MPB leave a patch based
on how many live host trees are encountered within the patch,
and motility (rate of leaving a patch) decreases exponentially with
host tree density. This model is linked with a previously developed
model describing temperature-dependent adult emergence timing
and an Allee threshold of attacks on trees (Powell and Bentz, 2009),
two factors important in successful tree colonization. The inte-
grated model improves upon Powell and Bentz (2009) by providing
a spatially explicit representation of MPB impact across a landscape
as a function of both host tree density and temperature. The model
was parameterized using observed hourly temperature data, and
spatially referenced MPB impact data and host tree density dur-
ing an outbreak in the SNRA, ID. When run in the same landscape
where it was parameterized, the model did a good job of capturing
the spatial and temporal details of MPB impact (85.67% accuracy).
Similar accuracy (84.8%) was obtained when the model was run
using data from a different geographic area (i.e., Chelan study area).
Predicted annual growth rate of area impacted, a measure of MPB
population growth rate in areas of relatively consistent host den-
sity, was also highly accurate in both the SNRA (92%) and Chelan
(94%) study areas. These results suggest the model is robust, and
that our mechanistic description of host-dependent MPB motility
is an adequate representation of MPB dispersal across a landscape
and during a population outbreak. The model also provides insight
into the processes that result in spatial and temporal patterns of
MPB-caused tree mortality.

Model-estimated beetle motility rates in pixels of dense host
trees (i.e., 1000 trees/ha) was 18.5 m2/ day, consistent with mark-
release-recapture measurements of short distance dispersal during
an MPB outbreak in central British Columbia (Safranyik et al., 1992).
Short distance dispersal (<100 m) comprises the majority of bark
beetle dispersal events, particularly during epidemics (Safranyik
et al,, 1992; Turchin and Thoeny, 1993; Franklin et al., 2000; Kautz
et al,, 2011). Long distance dispersal events also occur and can be
an important aspect of MPB outbreak progression (Aukema et al.,
2008; Chen and Walton, 2011). Model estimates suggest that in
the absence of host trees to slow them down, beetles disperse on
average 3.79 km2/day. This motility would allow for the initiation
of new patches of mass attacked trees at substantial distances, a

phenomenon known to occur for at least some small proportion of
a population (Safranyik et al., 1992; Aukema et al., 2008; Robertson
et al., 2009).

In a sensitivity analysis, the model was highly sensitive to motil-
ity rates and host density across the landscape. When motility
within patches of host trees was increased or host tree density was
decreased, model accuracy dropped. Given our model assumptions,
the two factors are inversely related such that low host density
directly results in increased motility. High motility or low den-
sity both serve to reduce local beetle abundance and subsequent
spot initiation, thereby reducing model accuracy. It is well known
that the density and spatial arrangement of host trees is an impor-
tant component of forest susceptibility to MPB outbreaks (Shore
and Safranyik, 1992; Simard et al., 2011; Chapman et al., 2012).
We implemented a version of our model with “Fickian” diffusion
whereby dispersal was not influenced by host tree density predic-
tions did not correlate with either growth rates or spatial patterns
of MPB-caused tree mortality. Combined, these results highlight the
importance of host tree density in predicting the spatial and tem-
poral pattern of MPB-caused tree mortality and provide a potential
mechanistic role in dispersal across a landscape.

MPB mass attacks occur on a tree when adult emergence is
locally synchronized, particularly at low population levels (Bentz
et al., in press; Logan and Bentz, 1999). In the model, a thresh-
old number of beetles per day (A=39.8 MPB/day) are required for
a mass attack (Raffa and Berryman, 1983). When this threshold
requirement (i.e., Allee effect) was completely removed from the
model, model accuracy dropped significantly, although changes to
the threshold number of attacks only slightly reduced model accu-
racy. These results indicate a lack of sensitivity in the model to
a particular threshold for successful attacks, although the model is
very sensitive to having some kind of threshold. Changing the num-
ber of surviving brood that could emerge to attack trees was similar
to changing the attack threshold; there was little change in model
accuracy. In our simulations, MPB populations were in outbreak
phase and temperatures during the study period promoted popu-
lation survival and success (Régniere and Bentz, 2007; Powell and
Bentz, 2009). A sufficient number of beetles were probably avail-
able for mass attacks each year, reducing the effect of the size of
the threshold and number of surviving brood in the model. In an
area of non-outbreak MPB the model may be more sensitive to the
actual threshold or brood survival. While the model threshold is not
strictly linear, there is an approximately linear trade-off between
emergence and a decreasing attack threshold.

Model accuracy did not differ when phloem temperatures from
the north or south bole aspect, or air temperatures were used to run
the model. These results were somewhat surprising because Powell
and Bentz (2009) found that south bole aspect phloem tempera-
tures provided the best predictions of annual growth rate, using the
same model for phenology. Also, using estimated hourly tempera-
tures at the Chelan site, compared to observed hourly temperatures
at the SNRA site, did not affect model accuracy. These results sug-
gest that air temperature, rather than phloem temperature, may
be sufficient for predicting MPB impact, and that downscaled tem-
perature data provide adequate thermal input for running the
integrated model on large landscapes.

At the Chelan study area, although model accuracy was high,
the model under-predicted the annual area of impact. Due in part
to the diversity of conifers in the Chelan area, including MPB host
and non-host trees, the number of small spots identified by ADS
observers was higher than in the SNRA where lodgepole pine was
predominate (Figs. 2 and 6). At both areas the model was consis-
tently poor at predicting the location of small spots that were not
strongly correlated with the location of previous patches. Approx-
imately three quarters (76%) of the false negatives in the confusion
matrix are associated with small (<1 ha) spots of fewer than ten
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trees in the ADS data. Moreover, model results presented here
depended on forcing predictions each year with ADS observations
of attacked trees from the previous year. The model did a poor job
of predicting the final pattern of MPB-killed trees in 2003 when ini-
tiated with the observed spatial pattern of killed trees in 1995 and
allowed to run continuously using model output from one year as
the input to emergence pattern the subsequent year. These results
suggest that the evolution of attack pattern depends strongly on
small spots which appear somewhat spontaneously on the land-
scape. Indeed, this pattern of small spots of bark beetle-infested
trees that coalesce through time, potentially through dispersal, was
documented for a large MPB outbreak in British Columbia (Aukema
et al., 2008) and a spruce beetle (D. rufipennis Kirby) outbreak in
southern UT (DeRose and Long, 2012). Our model can successfully
predict the aggregation and growth of these spots, but misses their
inception. Without additional information on factors that influence
spot initiation, annual data on spot location is required input to
the model. Given this input, however, we feel the model can be
used to predict population growth in any phase, including endemic
populations scattered across a landscape. One factor that could
improve this aspect of the model is the inclusion of behavior-
modifying chemicals across a landscape. Previous attempts (Powell
et al., 1996) suggest it is unlikely a mechanistic dispersal model
that includes chemotactic details can be predictive. Future research
should examine pixels with false negatives, and conditions that
may influence initiation of small patches. These include elevation
and topography (de la Giroday et al., 2011), microclimate, site and
soil factors (Kaiser et al., 2012), and presence of other insect and
disease populations that can be derived from ADS data.

Our model extends the research of Powell et al. (1996) and
Logan et al. (1998), and Aukema et al. (2008) by providing a
mechanistic description of the link between motility, dispersal and
temperature-dependent phenology that facilitate further positive
feedback into the system thereby linking sub populations on a land-
scape. It is known that temperature can generate spatial synchrony
in density-dependent populations over large areas (Liebhold et al.,
2004), and can be particularly important in species with long dis-
tance dispersal capabilities. Peltonen et al. (2002) suggest that
spatial correlation in weather variables was more important than
dispersal in describing synchrony in forest insect outbreak data,
including MPB, at relatively large scales. Our model provides a
mechanistic description of how temperature and dispersal can both
play a role in generating spatial synchrony among populations. In
MPB, adult emergence exceeding an Allee threshold, which results
from critical temperature thresholds for development among life
stages, may be one temperature-dependent pathway linking sub-
populations, creating spatial synchrony and population growth
across a landscape.

Motility that enables dispersal across a landscape can also be
considered in the context of resistance to movement. As pointed
out by McRae et al. (2008) there is a direct connection between
diffusion through patches with varying motility and random-walk
movement in a circuit network with varying resistances connect-
ing the patches. Motility within a patch and resistance of the
patch to movement are inversely proportional, while resistance and
residence time in the patch are proportional. Consequently, param-
eterizing MPB motility as a function of host density on a landscape
is equivalent to determining the resistance structure of the land-
scape to beetle movement. Therefore, the methods presented here
can be applied in resource selection analysis for population move-
ment (Moorcroft, 2012), assessing landscape connectivity (McRae
et al., 2008) and determining resistance surfaces for gene flow
on landscapes (Spear et al., 2010). For example, our model could
provide important insights to the potential spread of MPB eastward
across the boreal forests of Canada where host tree density becomes
increasingly sparse and fragmented (Safranyik et al., 2010). Low

host tree density would directly result in increased MPB motility
and potentially greater spread rates than have been encountered
in more dense lodgepole pine forests, although our model has
not been tested on such a large landscape. Further analyses with
the model using additional landscapes and population phases will
improve our understanding of mechanisms that connect processes
at local and large spatial scales and their role in MPB population
outbreak dynamics.
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Appendix A. Phenology model for MPB

In each of eight life stages for MPB we describe the developmen-
tal process with an extension of the von Foerster equation (Gilbert
et al., 2004),

pi p; 3213;'
5 FHTO15 = vig 2L, (3)
where pj(aq, t) is the density of individuals of developmental ‘age’
a in stage i at time t. The age variable, q, is a normalized index of
development, e.g., weight gain in larvae, and the developmental
process in stage i begins at a=0 and ends with a=1. The median
developmental rate for the stage, r;, depends directly and nonlin-
early on temperature, T(t), in the developmental environment of
the phloem. The parameter v; reflects the variance of the develop-
mental rates in stage i. To predict how the distribution of emergence
from one life stage, p;_1(a=1, t), is mapped to the next, Eq. (3) can
be solved using Laplace transforms (Powell and Bentz, 2009) to give

1-n[T(t - 1)]

t
pi(a=1,t)=/p,~71(a=l,r) :
0 4mvi(t — 1)

(1= [Fr[T(s)]ds)
X exp _M dr. (4)
4V,‘(f—'f)

Practical evaluation of this equation, driven by hourly temperatures
in the phloem of attacked trees, is accomplished via trapezoidal
integration over days, aggregated every 24 h into an emergence
prediction.

Appendix B. Ecological diffusion and homogenization

Using ecological diffusion, we model the daily dispersing popu-
lation of MPB, with spatial density P(x,y, t) depending on the spatial
coordinates, (x, y), and time during the day, t,

2 2
- (gxz ; ;yz) [U(S)P]. (5)

where u is the motility of the dispersers leaving a patch of trees
with density S(x, y). Daily initial conditions for dispersal on day j
in year n are set using a combination of predicted emergence and
observed ADS impact,

P(x,y, t = 0) = NIE,(j)(HS > 0). (6)
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Here N is the (unknown) number of beetles emerging from a single
infested host, E,(j) is the emergence predicted on day j of year n
by the phenology model and I is the impact in observed infested
trees/ha. The last, parenthetical term indicates the characteristic
function on ADS impact observed in year n (H2, corresponding to
trees/ha colonized by MPB in the previous year). The characteris-
tic function gives a value of one in pixels with observed impacts
and zero otherwise. We have chosen to assume a constant level
of impact because estimated impact densities in the SNRA cor-
relate poorly with ground observations and occasionally exceed
estimated numbers of standing trees/ha. By contrast, borders of
ADS polygons conform well to host presence as well as field obser-
vation. Consequently we have chosen to suppress this additional
source of variability and use area impacted as a surrogate for net
impact (as in Powell and Bentz, 2009). We choose a reference level
of I=100 trees/ha.

Finally, at the end of a day of dispersal, arriving MPB must be
converted into attacks on healthy hosts. We assume that chemo-
taxis allows MPB to focus their efforts on particular hosts within a
small, but sub-scale to dispersal, attack radius, r. Thus the number
of attacking MPB at a point, (x, y), on the dispersal landscape is P(x,
y, t=1day)mr2. The attackers which successfully colonize are those
which exceed attack threshold, A,

C(x,y, day = j) = max(P(x, y, t = 1day)nr? — A, 0). (7)

At the end of the season (i.e., when Ej(j) falls to zero) successful
colonizers can be converted to a density of infested trees predicted
for the subsequent year,

Hﬁfld(x,y) = min aZC(x,y,j), S(x, y)AxAy ﬁ (8)
J
The minimization accommodates the finite capacity of hosts to
accept beetles; only 1/« beetles ‘fit’ in an individual host, and the
total number of colonized trees cannot exceed the number of sus-
ceptible hosts in a pixel, S(x, y)AxAy. This prediction for impact
will be compared to ADS observations for the next year, Hg‘f] (%, y).
To speed up solutions we use the method of homogenization,
which is derived for the ecological diffusion equation by Garlick
et al. (2011). Essentially, rather than solve (5) directly we solve
instead

dc _ [(dc dc
8t:'u(8x2+8y2>’ (9)

where i is the harmonically averaged motility,

1
_ _ 1 dx' dy’
)= <|Q(x,y)|//9(x,y) M(X’,y’)> ’

Q(x,y)is arectangular region centered at the point (x, y), and || 2(x,
y)|| is the area of the region of integration. The dependent variable,
¢, is related to the density of dispersing MPB by

C= ,U,(X, y) P(X7y9 t)

While the homogenized equation (9) is superficially similar to the
original dispersal equation (5), ¢ and the diffusion parameter (7t)
vary on kilometer scales (as opposed to 30 m scales).

Appendix C. Likelihood function and MLE

Given uncertainties in impact intensity and location of ADS
polygon boundaries, we have chosen to match observed and pre-
dicted areas on scales larger than the 30 m pixel size of the data,
but still small enough to resolve relevant patterns. Let (xe;, ye),
1<j<]J,1<k<Kbe the centers of a uniform grid with spacing Axe,

Aye=480m in the x and y directions, respectively. For each such
error cell we define observed impact for year n to be

Aye/2 Axe/2
Oy —/ / (HSPS(xe; + &, yey + 1) > 0)dé dn (10)
Aye/2 Axe/2

(using the convention that “(z>0)” is one when z>0 and zero oth-
erwise), and the corresponding predicted impact to be

Aye/2 Axe/2
- / / (HE™(xe; + &, ye, + 1) > 0)dE dn. (11)
—Aye/2 Axe/2

Assuming that errors are normal with mean zero and unknown (but
constant) variance o2, the negative log likelihood in year n is

NLLy = 5 ZZZ( —1m) +17Klog(2noz). (12)

j=1 k=1

The total negative log likelihood to be minimized over years of
available data (1995-2003) is

2003

Z NLL,. (13)

n=1995

L(po, (1, B1, B2) =

The search for minima of L was accomplished using a gradient-free
simplex search implemented using the fminsearch command in
MATLAB.
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