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5.1 Introduction

Insects are important disturbance agents affecting temperate and boreal biomes
(Wermelinger 2004; Johnson et al. 2005; Cooke et al. 2007; Raffa et al. 2008).
Defoliating insects in particular have historically affected a staggering area of North
American forests, particularly across the boreal biome (Fig. 5.1). Principal among
these boreal forest defoliators is the spruce budworm (Choristoneura fumiferana
Clemens) that in the 1970s affected over 50 million hectares of fir (Abies spp.)
and spruce (Picea spp.) forests at its peak in Eastern Canada and the Northeastern
United States, making it among the most economically and ecologically important
forest insects on the continent. Its significance is reflected in an extensive history
of research to support modeling and management activities (e.g., Morris 1963a;
Greenbank et al. 1980; Royama 1984; Sanders et al. 1985). The most recent review
of spruce budworm modeling was by Régniere and Lysyk (1995, but see also
Cooke et al. 2007). Since 1995 (when spruce budworm became primarily endemic),
1103 papers were published with the keyword C. fumiferana (Web of Science,
accessed December 2014), indicating a strong need for new synthesis.

Modeling insect outbreak dynamics requires understanding of the insect’s pop-
ulation dynamics, phenology, host preferences (i.e., species, size), feeding dynam-
ics, and factors affecting outbreak severity in time and space. Spruce budworm
defoliates balsam fir (A. balsamea) and spruce species, emerging from winter
hibernacula as tiny second instars that bore into emerging buds and then feed on
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the new foliage as shoots expand. Its population cycles are longer than most other
defoliating species, both in terms of time between outbreaks and their duration
(Cooke et al. 2007; Myers and Cory 2013). Mortality generally begins after 5 to
6 consecutive years of heavy defoliation (MacLean 1980) in balsam fir, followed
by white spruce (P. glauca) and then red spruce (P. rubens) and black spruce (P.
mariana) (Erdle and MacLean 1999). Adult budworm moths are strong fliers that
actively use wind currents to facilitate long-distance dispersal (Greenbank et al.
1980; Anderson and Sturtevant 2011; Sturtevant et al. 2013).

The most commonly reported outbreak interval is on the order of 30-40 years
(e.g. Jardon et al. 2003), and the species is best known for regionally synchro-
nized outbreaks (Royama 1984; Peltonen et al. 2002) that cause widespread
forest decline over broad areas (MacLean 1984). However, a wide range of out-
break frequencies and spatial scales of synchronization have been observed in
different parts of the insect’s extensive range (e.g., Williams and Liebhold 2000;
Robert et al. 2012). Despite its apparent “destructive” nature and economic
impacts (Chang et al. 2012a, b), the spruce budworm is an integral part of boreal
forest ecology, with extensive outbreaks observed over several centuries within
the dendroecological record (Boulanger and Arseneault 2004; Boulanger et al.
2012) and over several millennia within the paleoecological record (Simard
et al. 2006).

Current understanding of budworm disturbance ecology comes from two diver-
gent areas of research, both with extensive histories and both involving modeling
of budworm disturbance. The first group of researchers sought empirical solutions
to assess risk and effects of defoliation, primarily by building defoliation-growth
reduction and defoliation-mortality relationships into stand growth models, as
a means of prioritizing individual stands for either aerial spraying or preemptive
salvage logging or for estimating effects of budworm outbreaks on timber supply
(e.g., Baskerville and Kleinschmidt 1981; Erdle and MacLean 1999; MacLean
et al. 2001). The second group researched the details of the budworm’s popula-
tion biology and dynamics to develop simulation models for evaluating feedback
between forest conditions and budworm populations, and to inform population
management (e.g., Morris 1963b; Jones 1977; Ludwig et al. 1978; Royama 1984).
The two approaches have not been well integrated, in part because they derive
from different disciplines, objectives, and traditions with respect to modeling
uncertainty. However, an early and effective example of integration is reflected in
the Holling—Baskerville efforts to use the Jones (1977) defoliation effects model
in the Report of the Task Force for Budworm Control Alternatives (Baskerville
1976). This work also inspired defoliation impact field work (e.g., Erdle and
MacLean 1999) by exposing key information gaps related to tree growth-defolia-
tion and tree survival-defoliation relationships.

More recently, we have observed parallel developments in modeling of bud-
worm disturbance at landscape scales. The first development involves applying
budworm defoliation effects on forest stands at landscape-scale within a timber
supply and scheduling framework (MacLean et al. 2001; Hennigar et al. 2007).
This strategy is generally used as decision support for tactical planning of forest
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resources during a given outbreak. The second development is the integration of
budworm defoliation disturbance within landscape disturbance and succession
models (e.g., Sturtevant et al. 2004; James et al. 2011; Sturtevant et al. 2012).
This strategy is applied for ecological insights, strategic planning, and devel-
opment of broad-scale policy over longer time periods (e.g., centuries). As of
the writing of this chapter, these divergent areas of research and parallel land-
scape modeling strategies have not been integrated. Recent advancements in
the understanding of budworm population biology and ecology (Régniere and
Nealis 2007; Eveleigh et al. 2007; Régniere et al. 2012, 2013), in combina-
tion with the recent increase in budworm outbreak activity in Eastern Canada
(Canadian Council of Forest Ministers 2013) warrant a fresh synthesis of bud-
worm science and modeling approaches to inform the next generation of bud-
worm disturbance models.

In this chapter, we examine the history of spruce budworm disturbance mode-
ling to provide insights into landscape insect disturbance modeling more generally.
We do so by first outlining the evolution of competing approaches to budworm
population modeling, illustrating the interplay of models and data, and highlight-
ing key insights (including failures and advances) into the roles of reciprocal feed-
backs among trophic levels (i.e., budworm, its forest host, and its natural enemies),
and broader-scale processes (i.e., dispersal, synchronization, climatic variation and
change). Second, we overview studies relating budworm defoliation to its effects
on forests, culminating in spruce budworm decision support tools designed for
forest operations planning. Third, we summarize more recent contributions using
landscape disturbance and succession models focused on long-term responses
of forested landscapes to a given budworm disturbance regime, and examine the
opportunities for synthesis provided by this modeling framework. We conclude
with our recommendations for a modern synthesis based on lessons learned from
over five decades of research and modeling in the budworm-forest system, and
its implications for the modeling of analogous defoliator-forest systems in North
America and elsewhere.

5.2 Population Dynamics

Authoritative reviews have been written on the biology and dynamics of
Choristoneura species (Volney 1985), including the comparative dynamics of the
spruce budworm relative to other closely related defoliator species (Cooke et al.
2007). The spruce budworm is an early season herbivore whose dynamics are
influenced by a large array of agents, operating at a range of spatial scales, includ-
ing many species of vertebrate and invertebrate natural enemies, various host plant
effects, a range of weather effects, and dispersal. With so many agents contributing
to the system’s dynamics it is perhaps not surprising that no fewer than 15 bud-
worm models have been published over the last five decades (Table 5.1).
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Table 5.1 A contrast of classes (eruptive, cyclic, and gradient) of whole-system models of
spruce budworm disturbance dynamics illustrating major model advances and limitations

Class Description Emphasis Limitations Source
Erup- Eruptive Predation on large | Space Watt (1963)
tive larvae
Population Epidemic behavior; | Endemic phase Morris 1963b
collapse host foliage processes and
limitation dynamics
Budworm site Host foliage Space; delayed Jones (1977)
model energetics and density-
productivity dependent
predation
Spatialization Dispersal Delayed density- Clark et al. (1979)
of Jones 1977 dependent
predation
Analytical Outbreak as Delayed density- | Ludwig et al. (1978)
abstraction slow—fast cusp dependent
of Jones 1977 catastrophe predation
Re-parameteriza- Reduced role of Delayed density— | Stedinger (1984)
tion of Jones bird predation dependent
1977 interaction predation
with host size;
opportunity for
aggressive sup-
pression given
local extinction
Re-abstraction of | Overriding influ- Delayed density— | Hassell et al. (1999)
Jones 1977 ence of generic dependent
host effects predation
Cyclic | Time series 2nd order density- | Space; degrada- Royama (1984)
dependence tion of host
effect on forest
cycling
Time series param- | 2nd order density- | Dispersal through | Fleming et al.
eterization and dependence; space (1999; 2002)
scaling spatial variation
and scaling

Cycle synchroni-
zation

Role of dispersal in
homogenizing
spatial differ-
ences in cycle

Degradation of
host forest

Régniere and Lysyk
(1995)

frequency
Dispersal mortality | Role of host Landscape scale; Régniere and Nealis
degradation space (2007)
in promoting
risky dispersal
of herbivores
Tri-trophic Multifrequen- Positive density Cooke et al. (2007)
interaction tial cycling dependence of
behavior and mate finding
synchronization

(continued)
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Table 5.1 (continued)
Class Description Emphasis Limitations Source
Gradi- | Phenological syn- | Extreme weather; | Spatial disequilib- | Fleming and Volney
ent chrony across transients rium caused by (1995), Volney
trophic levels under climate dispersal lags and Fleming
change; genetic (2000)
capacity for
adaptation to
climate change
Phenology Climate warming Dispersal through | Fleming (1996)
on develop- space

ment times and
survival rates
Belt-shaped
outbreak
distribution and
climate-driven
range shift

Fast temporal
dynamics

Régniere et al.

(2012)

Climate change

5.2.1 Data Sources and Modeling Challenges

To understand the evolution in the thought behind model development it helps
to first understand (1) how the data sources developed over time, and (2) how
improvements in computational tools and technologies facilitated the develop-
ment of ever more powerful methods of hypothesis testing. Over the course of
the last century, three major phases in data acquisition, analysis, and modeling
may be discerned (Fig. 5.2). The earliest studies of spruce budworm ecology and
population dynamics indicated that researchers were well aware of the recurring
nature of budworm outbreaks (Blackman 1919), and of the roles of multiple fac-
tors in influencing the rising and declining phases of population change (Swaine
and Craighead 1924). Analytical tools at this time were limited to graphical and
conceptual models. During a second phase of discovery through the 1950s to
the early 1980s, studies became more comprehensive and methods became more
quantitative. Intensive data collection from the Green River Watershed in New
Brunswick, Canada (Morris 1963a; Fig. 5.2) led to the simple (yet formal and
mathematical) multiple equilibrium model of Watt (1963), followed by the more
complex budworm site model of Jones (1977) and its elegant mathematical simpli-
fication, which resulted in the cross-scale manifold model of Ludwig et al. (1978)
(Table 5.1). A third phase of synthesis centers intellectually around the publication
by Royama (1984), in which he offered an alternative interpretation of the Morris
(1963a) database via time series analyses, and that by Royama (1992), in which
he attempted to place the spruce budworm system in a broader ecological content
by comparing it with other animal systems with cyclical population dynamics.
Consequently, more intensive studies necessary to accurately distinguish among
factors regulating budworm populations over time were established in the 1980s,
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Fig. 5.2 The evolution of data sources describing spruce budworm system behavior. Scientific
advances have followed concurrent methodological improvements in data collection, data analy-
sis, and simulation modeling

while the availability of geographic information system (GIS) technology and
spatial data sets in the 1990s provided opportunity to quantify factors affecting
outbreak synchronization and dynamics in space (Fig. 5.2). Advanced statistical
methods in both time series and spatial analysis methods are leading to increas-
ingly nuanced characterizations of system behavior that require a revised under-
standing of the budworm—forest system.

Clearly, the time scale of observation influences one’s ability to infer cyclic
behavior. The earliest quantitative models (listed in Table 5.1) were developed on
the empirical basis of just one cycle from the 1950s. For example, Turchin (1990)
concluded that budworm populations were nonstationary (i.e., insufficient data
to declare the trend-like pattern cyclic) based on plot-level population data from
across New Brunswick available from 1945 to 1972 (Fig. 5.3). Similarly, Williams
and Liebhold (2000) concluded that budworm populations were not regulated by
density-dependent feedback based on 1945-1988 aerial survey data from across
Eastern North America. The later models benefitted from two cycles of observa-
tions and insights garnered through the 1970s and 1980s. As the length of the time
series increases the evidence in favor of cyclic dynamics increases (Fig. 5.3). Data
limitations help to explain in part some of the evolution in modeling behavior, i.e.,
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Fig. 5.3 The history of spruce budworm area defoliated in Quebec, Canada 1938-2001. The
province-wide time series in the far right column has been divided to create two additional,
shorter series, and all three subjected to autocorrelation analysis (bottom row; ACF = autocorre-
lation function). The shorter time frames were chosen to match those used in time series studies
by Turchin (1990) and Williams and Liebhold (2000) (see text)

the emphasis on eruptive behavior in the early phase of modeling and on cyclical
behavior in the more recent phase.

Authors of the earliest models were nonetheless aware of the recurrent nature
of budworm outbreaks, due to numerous tree-ring studies by Blais (1954, 1961,
1965, 1968). As groundbreaking as these early studies were, Blais did not explic-
itly recognize the role of scale in interpreting the tree-ring data. The relevance of
scale is exemplified by, for example, Boulanger et al. (2012) in a locally inten-
sive study that illustrated the remarkable stability of the budworm outbreak cycle
through multiple centuries, while Jardon et al. (2003), using dendroecologi-
cal studies placed on a systematic spatial grid across much of Quebec, Canada,
emphasized the complexity in patterns of recurrence and a lack of repetition in
the spatial pattern of outbreak progression. Apparently, just as the temporal scale
of observation may influence the perception of cyclicity, so may the spatial scale
of observation influence the perception of outbreak cycle homogeneity and syn-
chrony, as budworm populations do not behave identically everywhere.
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5.2.2 Competing Hypotheses and Modeling Paradigms

Two major paradigms underlie budworm outbreak models (Table 5.1). The first par-
adigm, peaking in the 1970s, focused on the role of the forest in precipitating and
terminating devastating budworm outbreaks (i.e., multiple equilibrium “eruptive”
models). The second paradigm emphasized the role of natural enemies in generating
periodic outbreaks that do not necessarily result in host forest collapse (i.e., cyclic
predator—prey models). These paradigms differ in two primary areas. The first is the
relative strength of top-down versus bottom-up effects (Box 5.1). The second is the
relative significance of dispersal in generating complex dynamic behavior and spa-
tial patterning. Both paradigms persist in the literature to the present day.

BOX 5.1

Two elegant mathematical models represent alternative paradigms of the
fundamental processes underlying budworm population dynamics. In the
Ludwig-Jones-Holling model (LJH; Ludwig et al. 1978) budworm dynamics
were assumed to be fundamentally eruptive, owing to positive and nonlinear
feedbacks between budworms and forest and the effect of predators on bud-
worms, which was thought to vary as a function of tree size. Royama (1992),
in contrast, emphasized the role of delayed feedback from natural enemies
in a generic predator-prey model (which Royama (1984) and Fleming et al.
(2002) implemented in a univariate autoregressive form, as in our Fig. 5.4)
that induced a periodic harmonic oscillation. In each case, a factor viewed
as critical in one model was downplayed in the other. Specifically, Ludwig
et al. (1978) represented the effect of predation as being conditional on bud-
worm populations and tree size, where predator density was not modeled
explicitly, and used two nonlinear feedback equations to describe vegetation
dynamics. In contrast, Royama (1992) largely ignored vegetation dynamics
by treating food resource competition as a fixed effect, and represented pre-
dation as a delayed reciprocal feedback process.

Although Ludwig et al. (1978) contended that their model was an accu-
rate abstraction of the dynamics of the original Jones budworm site model
(Jones 1977), Hassell et al. (1999) showed that Ludwig et al. (1978) actu-
ally mischaracterized the Jones model by including the predation saturation
effect (i.e., the second term in the budworm (B) equation; Fig. B5.1), which
in addition to the nonlinear foliage equation (E) (Fig. B5.1) contributed to
the relaxed oscillation dynamic that produces the same effect. In contrast,
in the Jones model the oscillation dynamics are driven by nonlinear foliage
dynamics alone. This finding only serves to strengthen the degree of con-
trast between eruptive and forest-dominated versus non-eruptive/cyclic and
predator-dominated modeling paradigms.

Notably, Royama never actually suggested that the budworm could be
adequately represented by any univariate, or even predator-prey, model.
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Indeed, his use of the second-order autoregressive model in his 1984 mon-
ograph was for ancillary demonstrative purposes only. Moreover, in the
synthesis to his Chap. 9 on spruce budworm, Royama (1992) specifically
referred to budworm oscillating about a single, conditional equilibrium state,
which would vary as a function of forest conditions and natural enemy com-
munity composition. Rather than ignoring vegetation dynamics per se, it is
more accurate to state that Royama (1992) chose not to attempt to summa-
rize the effect of forest conditions in quantitative terms

forest insect population models
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Equations 5.17 a,b
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B = Budworm density
S = Surface area of foliage
E = Energy content of foliage

P = Predator density
H = Herbivore density

r’ = Herbivore recruitment
x = Predator density
y = Herbivore density
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Fig. BS.1 Tri-trophic interactions in the spruce budworm system as depicted by two simple
models from the metastable eruptive (left) versus harmonic oscillation (right) paradigms, in
two common modeling frameworks. The center panel highlights congruencies and differ-
ences in the two system models, color-coded to link variable or mathematical expressions to
each of the three dominant trophic levels (predators, herbivores, foliage). Solid circles indi-
cate trophic levels represented by dynamic state variables and double arrows indicate inter-
trophic relationships that are characterized by reciprocal feedback. In the Ludwig-Jones-
Holling model predation is a variable effect; there is no equation for predator population rate
of change. In the Royama model the intensity of feeding competition for foliage is a fixed
effect; there is no equation for forest foliage dynamics

Clearly, although the two models (and modeling paradigms) differ starkly
in terms of which trophic level is emphasized, such a difference could be
reconciled through the development of a hybrid model that allows for either
fixed or dynamical effects of both trophic layers below and above the bud-
worm (i.e., predators, forest). To examine the effect of ancillary factors, such
as weather or dispersal, on budworm tritrophic interactions, a hybrid model
(see Fig. 5.8 in text) might be considered that would allow for altering criti-
cal assumptions about the nature of the feedbacks occurring among trophic
levels.
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5.2.2.1 Multi-equilibrium Model

The suite of models produced under the eruptive outbreak paradigm, summarized
previously (Cuff and Baskerville 1983; Fisher 1983), emphasized a critical role
for tree size, and hence forest age, in shaping the budworm’s ability to acquire
food and shelter and to evade natural enemies. Large amounts of host foliar bio-
mass were assumed to be a necessary condition for budworm outbreaks, and sharp
declines in available host foliar biomass were assumed to be a necessary condition
for population collapse. Consequently, these models shared a “relaxed oscillation”
dynamic characterized by alternating host depletion and regrowth. This depend-
ence on bottom-up constraints was thought to explain why the duration between
outbreaks was so long in relation to other periodic defoliators, which tend to erupt
at roughly decadal intervals (Myers and Cory 2013). The primary differences
between alternative models developed under the eruptive outbreak paradigm are
reflected in different hypotheses about the relative importance of factors trigger-
ing population eruption (Fisher 1983): temperature (e.g., Watt 1964), sufficiently
large quantities of host to overcome low-density predator regulation or a so-called
predator pit (e.g., Jones 1977; Ludwig et al. 1978), and external invasion by adult
moths (e.g., Stedinger 1984). All shared the assumption that forest collapse was
responsible for outbreak decline.

The evolution of budworm models under the eruptive paradigm led to semi-
nal insights into insect disturbance modeling. The first computer simulation
model (Watt 1963) was characterized by “bistability,” referring to the simultane-
ous existence of two distinct alternative stable equilibrium states (i.e., endemic
and epidemic), both of which are accessible at any moment in time, and neither
of whose existence is “conditional” on varying environmental conditions. The
Jones (1977) model and the Ludwig et al. (1978) abstraction were characterized
by “metastability,” which refers to the temporary existence, and conditional sta-
bility, of multiple equilibrium states that arise through dynamic interplay among
multiple regulatory processes operating at distinct timescales. The interaction
between fast and slow consumptive and regenerative processes gives rise to a
“manifold” characterized by a cusp, or critical bifurcation point, which sepa-
rates two flexible domains of attraction, and a “hysteresis” effect of irreversibil-
ity, where return to a basal equilibrium state is inevitable, but requires the slow
passage of time to precipitate a critical change in environmental circumstances.
Berryman et al. (1984) used the term “metastable” to refer to the forest—insect
limit cycle (i.e., also termed a “relaxation oscillation”) that results from the inev-
itability of a “slow” forest regeneration cycle after a fast process of insect popu-
lation eruption and forest collapse.

Authors of early budworm models were also pioneers in the simulation of spatial
dynamics of outbreaks (e.g., Clark et al. 1979). Spatial processes were recognized
as important because budworm densities “were not solely determined by local fac-
tors, but remain at least partially synchronized with neighboring areas” (Fisher
1983, p. 107). Under the eruptive model paradigm, adult dispersal was a key factor
underlying the radial expansion of outbreaks from so-called “epicenters” (Hardy
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et al. 1983), analogous to how we currently understand the spread of bark beetle
epidemics (Powell et al. 1998). The primacy of wind-mediated dispersal of bud-
worm moths underlying the spatial spread of outbreaks under the eruptive para-
digm—and the implications for budworm suppression programs—was underscored
by an unprecedented research program to investigate the aerobiology of spruce bud-
worm dispersal (Greenbank et al. 1980) (Fig. 5.2).

5.2.2.2 Harmonic Oscillation Model

Despite the obviously destructive nature of budworm outbreaks, several wide-
spread observations were inconsistent with the multi-equilibrium models (Royama
1992). First, budworm outbreaks frequently end before host foliar biomass is
fully depleted. Second, these outbreaks occur at fairly regular intervals ranging
between 20 and 40 years between peaks (Burleigh et al. 2002; Jardon et al. 2003;
Boulanger et al. 2012) that are less than even the “pathological rotation age” of
balsam fir (70 years; Burns and Honkala 1990). While the eruptive models of this
era (Table 5.1) were not scale-specific, they were typically applied at the resolu-
tion of a “forest block™ (e.g., Clark et al. 1979; 170 km2). If budworm outbreaks
resulted in forest collapse at this scale every three to four decades then very rarely
would forests have the opportunity to develop into the mature and overmature
age classes that are frequently observed in the boreal forest. Likewise, immature
and mixed species stands generally show only partial stand mortality (MacLean
1980; Su et al. 1996). Finally, cyclic budworm outbreaks are often synchronized
at regional scales, despite high spatial variability in forest conditions, suggesting
broad-scale population fluctuations are governed by more than just local forest
conditions.

An alternative paradigm, elaborated most forcefully by Royama (1984), is
that something other than forest age and abundance—such as natural enemies—
restricts generation recruitment of budworm. By acting in a delayed density-
dependent manner, these agents induce a harmonic (i.e., sinusoidal) oscillation,
much like a predator—prey cycle (Box 5.1), resulting in a system that is statisti-
cally “stationary” in its cycling (i.e., autoregressive) properties, including time
series mean and variance. According to Royama’s model no upper (or lower) sta-
ble state is ever realized; the unique equilibrium state is never achieved because
of an unending regime of stochastic perturbations that continually force the sys-
tem away from its globally stable single-point attractor. Royama (1984) noted
that, according to this theory, some population cycles may not rise to a level where
defoliation becomes observable. This, he suggested, might explain the occasional
missing cycle in long time series records—defoliation events that could not easily
be detected by aerial surveys and tree-ring analysis.

The paradigm is parsimoniously expressed in a model phase space diagram
(Fig. 5.4a). Using a second-order density-dependent approach that is essentially
a phenomenological predator—prey model, one can produce long cycle lengths
by careful selection of an appropriate parameter space. Zone IV of the parameter
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Fig. 54 a The parameter space of a delayed feedback time series model
(Rt = ®ONt + PINt-1 + et) overlaid on a phase plane diagram representing different zones
of model behavior (Royama 1992; see inset), where Zone IV parameter space generates low-
frequency dampening oscillations. Tiny variations in the delayed feedback parameter (®g) are
sufficient to generate large difference in cycle frequency, as indicated by the parameter sets (P,
@) required to generate sustained oscillations of 36- and 24-year periodicity. b The effect of
coupling via reciprocal dispersal on two populations cycling at differing frequencies. Even when
the strength of dispersal coupling is low (exchange rate = 0.01 % amongst populations), the 36-
and 24-year cycling populations (top left) converge on a phase-synchronized 29-year cycle (bot-
tom left), as demonstrated by corresponding spectral peaks in the respective time series (right),
with correlations (r) rising from ~ 0 to ~1

space (Fig. 5.4a) produces slow-damping cyclical behavior consistent with the
idea of “phase-forgetting quasi-cycles” (Nisbet and Gurney 1982). Royama
(1984) illustrated parameter combinations in Zone IV that generate low-frequency,
high-amplitude cycling, and Fleming et al. (2002) discussed these parameteriza-
tions in the context of the spruce budworm. Figure 5.4a illustrates two contrasting
parameterizations that lead to robust 36- and 24-year cycling behavior (stochastic
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realizations illustrated in Fig. 5.4b). A 36-year outbreak cycle (i.e., time between
peaks) is indicative of budworm outbreak dynamics in the northeastern boreal
forest (e.g., Jardon et al. 2003), while a 24-year cycle is more common to the
Appalachian region (Cooke et al. in prep.), to Western Canada (Burleigh et al.
2002), and also to western spruce budworm, C. occidentalis Freeman (Alfaro et al.
2014). Clearly, a 24-year outbreak cycle is not sufficiently long for forest regrowth,
particularly in Northwestern Canada where balsam fir is absent, and the dominant
conifer is the relatively long-lived white spruce. Notably, very small differences in
parameter values may result in significantly different cycle lengths (Fig. 5.4).

Trophic interactions affecting budworm populations were recently documented
to show a complex food web involving at least 56 different species, including
alternative parasitoid hosts, predators, and hyperparasitoids (Eveleigh et al. 2007).
One might ask how a 56-dimensional trophic interaction could possibly be rep-
resented in a simple two-dimensional autoregressive model. The answer lies in
Royama (1971, 2001). The competitive interaction between parasitoid species
that occurs with multiparasitism may serve a compensatory mechanism whereby
a reduction in one parasitoid species is readily offset by compensatory gains in
another parasitoid species with a similar attack phenology. Trophic redundancy
thus may result in a relatively stable predator—prey multispecies complex that
behaves more or less as a pure two-species predator—prey system.

In theory, a more rapid response of predators translates into lower amplitude,
higher frequency predator—prey cycles. With a very large food web, relatively
small changes to just a few key budworm parasitoid species might produce such
differences. In this way, interaction between forest composition and the spruce
budworm natural enemy complex may help to explain the lower amplitude and
higher frequency cycle more typical of the floristically diverse Laurentian forests
relative to the higher amplitude, lower frequency cycle more typical of the less
diverse boreal forest (Cooke, unpublished manuscript). Indeed, it is interesting to
speculate on the potential role of the closely related hardwood defoliators in the
Choristoneura genus (e.g., C. conflictana and C. rosaceana), whose presence or
absence would serve to perturb the natural enemy communities that surround the
spruce budworm (see Sect. 5.3 for discussion on reduced budworm defoliation in
hardwood-rich stands and forests of New Brunswick).

Analyses of recent data that included high-frequency sampling of parasitoids
(Nealis and Régniere 2004a, b; Régniere and Nealis 2007) support Royama’s
assertion that “the primary oscillation is governed by lagged, negative feedbacks
between budworm density and generational survival as influenced by the impact
of natural enemies on late-feeding stages of the insect” (Régniere and Nealis
2007, p. 14). Yet host mortality was also clearly documented as contributing to the
decline—just not consistently across study sites. Among the strongest sources of
bottom-up feedbacks are dispersal mortality within young instars when seeking
food resources in heavily defoliated stands (Nealis and Régniere 2004a). In short,
substantial losses in host foliar biomass can certainly contribute to—but is not a
requirement for—outbreak decline.
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5.2.2.3 Upscaling Local Dynamics to Landscapes and Regions

As indicated previously, the champions of each model paradigm further differed
in the relative significance of dispersal in generating complex dynamic behavior
and spatial patterning of budworm outbreaks. While Royama (1980, 1984, 1992)
acknowledged that dispersal by both larvae and adults was an integral part of bud-
worm life history, he invoked Moran’s (1953) theorem to argue that synchronized pat-
terns of outbreaks are primarily caused by weather-driven (i.e., density-independent)
fluctuations in recruitment between the adult and egg stage, where egg-laden female
moths are prone to dispersal within and between forest stands. Under Moran’s theo-
rem, modest environmental perturbations that are regionally autocorrelated in space
can synchronize independently oscillating populations, even when the environmental
factor is independent of the cause of the population oscillation. This “Moran Effect”
has since been identified as an important factor contributing to the regional outbreak
synchrony for a wide range of Lepidopteran species (Ranta et al. 1997; Myers 1998,
Bjornstad et al. 1999; Myers and Cory 2013), including two species of lymantrids
with females that cannot fly (Mason 1996; Bjgrnstad et al. 2008).

The interaction between dispersal and spatiotemporal dynamics of outbreaks
depends in part on how immigration affects local population dynamics, i.e., the
underlying population model, or harmonic oscillation versus metastable eruption.
For the latter, dispersal acts as successive triggering of eruptions through a spatial
chain reaction, similar to a “domino-effect” (Clark et al. 1979) also known as a
traveling wave (Bjgrnstad et al. 2002). This so-called “epicenter hypothesis” fell
out of favor with the advent of the harmonic oscillation paradigm that emphasized
the Moran effect (Royama 1984). Régniére and Lysyk (1995) later proposed a
high-resolution spatial model that illustrated how dispersal may act as a signifi-
cantly more robust synchronization process that forces independently oscillating
systems to converge to a common cycling frequency even if their intrinsic cycling
frequencies differ (as illustrated in Fig. 5.4b). Régniére and Lysyk (1995) funda-
mentally changed the nature of the discussion of cycle synchronization to place
equal emphasis on weather and dispersal as potential synchronizing forces (e.g.,
Peltonen et al. 2002). More recently, Régniere et al. (2013) empirically docu-
mented an “Allee effect” (Allee 1931) within low-density budworm populations—
not in the form of a predator pit as proposed by Holling and colleagues (Ludwig
et al. 1978), but due to low mate-finding success at very low densities. This Allee
effect, i.e., the positive dependence of population growth rates on population den-
sities when densities are low, suggests that a low endemic state can be overcome
via immigration. If dispersal can produce both kinds of effects, i.e., synchroniza-
tion and traveling waves, then hybrid models that include both effects may be nec-
essary to fully capture the relevant dynamics.

The recent data and syntheses suggest that neither of the supposedly compet-
ing paradigms (i.e., host abundance vs. natural enemies, and Moran Effect vs dis-
persal) is sufficient to characterize the full range of budworm outbreak behavior
in time and space. Insights from landscape ecology, including recognition of the
critical role of neighborhood effects, spatial heterogeneity, and the appropriate
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scaling of ecological processes (Addicott et al. 1987) suggests that the discrepancy
between paradigms might be related to the spatial and temporal scale of observa-
tion and empirical data. This perspective is supported by the multiscale modeling
efforts of Fleming et al. (1999, 2002) who showed that finely resolved gridded
data differ qualitatively in behavior from models parameterized using coarsely
gridded data. More specifically, whereas local dynamics appear to conform to an
eruptive hypothesis, the landscape scale dynamics appear to conform to a cyclic
hypothesis. Although the models used were purely phenomenological and univari-
ate, the results are consistent with Holling’s idea of “cross-scale drivers” (Holling
1973, 1986), with eruptive behavior emerging locally as the result of a fast process
(in this case positively density-dependent mating success or predator escape), and
cyclic behavior emerging at the landscape scale as the result of some slow pro-
cess (in this case delayed density-dependent parasitism and dispersal-driven cycle
synchronization, as illustrated in Fig. 5.4b). The spruce budworm thus appears to
behave as hybrid cyclic-eruptive, with the characteristic oscillatory and eruptive
relaxation behaviors emerging at distinct, well-separated spatial scales of land-
scapes versus stands.

5.2.3 Gradient Models and Climate Drivers

In his synthesis of the spruce budworm system, Royama (1992) emphasized the
conditional nature of its equilibrium state, with cycle frequency, amplitude, and
time series mean and variance all potentially varying depending on environmen-
tal factors, effectively serving as “gradients” in space and time. He suggested
these environmental factors might include forest composition, food web compo-
sition, and climate. Recognition of gradients affecting insect population dynam-
ics (Table 5.1) derives from the notion that population densities are controlled by
environmental carrying capacities (Andrewartha and Birch 1954). Indeed, as early
as the 1950s, spruce budworm “outbreaks” were occasionally referred to as “gra-
dations” (Morris et al. 1958). Very early “hazard-rating” models were built on this
same premise of the outbreak as a spatial gradient, substituting the forest resource
for the environment (e.g., Webb et al. 1956). Hazard modeling has become
increasingly sophisticated with time and is elaborated in Sect. 5.3. However, the
concept of environmental gradients—and more specifically climate—as a key fac-
tor contributing to nonstationary budworm outbreak dynamics in time and space
both transcends the two modeling paradigms summarized above and has emerged
most recently as fundamental to the understanding of outbreak behavior (Fleming
and Candau 1998).

There are two fundamental approaches to understanding the climate—budworm
outbreak interaction. The first approach relates to processes underlying budworm
outbreak response to climate: investigations of the underlying process and empiri-
cal pattern analysis of past outbreaks using climate variables as covariates. Results
from models used to investigate the process suggest climate and weather interact
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with budworm on multiple levels, i.e., growth, survival, and movements of both
the budworms and their natural enemy complex (Fleming 1996). Gray (2008)
argued that it is challenging to understand the cumulative effects of these multi-
ple interacting processes. Pattern analyses of broad-scale aerial surveys clearly
indicate an overall climatic signal affecting the budworm outbreak dynamic, but
to date these types of analyses have been limited to a single outbreak cycle (e.g.,
Candau and Fleming 2005; Gray 2008, 2013). Régniere et al. (2012) simplified
the processes to two dominant temperature-dependent limitations on population
dynamics: development rate (Régniere and You 1991) and consumption of energy
reserves over winter during diapause (Han and Bauce 1997, 2000). Consequently,
budworm outbreaks become limited by the budworm’s ability to complete its phe-
nological life cycle at the northern (or altitudinal) extent of its range, and by the
exhaustion of energy reserves due to higher metabolism at the southern extent of
its range. The key insight from this combined body of modeling (i.e., process-
and pattern-based) is that climate is an influential environmental factor. Climate
change is anticipated to significantly affect future outbreak dynamics, with a
northward shift in periodic outbreak behavior (much as predicted by Fleming
and Volney 1995), a reduction in outbreak cycle amplitude in regions that have
historically seen the most regular oscillations, and the elimination of detectable
defoliation at the southern range limit (Régniere et al. 2012). Indeed evidence is
mounting that northward range shift of spruce budworm may be attributable to cli-
mate warming, and that climate and forest composition both influence outbreak
dynamics (Gray 2013).

5.2.4 Insights Following Five Decades of Research
and Modeling

The evolution of thought and the interplay of data and modeling over time can
be described by five phases of model development (observational, formal, digi-
tal, empirical, spatial), punctuated by the publication of four revolutionary papers
(Fig. 5.5) (Watt 1963; Ludwig et al. 1978; Royama 1984; Régniere and Lysyk
1995). As the data accumulate over time, and as the methods evolve, we see that
the prevailing paradigm oscillates from cyclic to eruptive to cyclic and is currently
settling on a hybrid between these extremes. A unifying theme that emerged in
the background of these opposing paradigms was the idea of population regula-
tion by environmental factors such as forest and climate. One is led to conclude
that this system may exhibit all three features of cyclic, gradient, and eruptive
behavior (Table 5.1). Ideas that were once dismissed as unimportant or improbable
(e.g., epicenter theory; anthropogenic forcing) come back into vogue as new data
emerge, as the role of heterogeneity and scale become increasingly explicit, and as
the demands of operational management force modelers to consider the full array
of actual dynamic behavior across multiple spatial scales.
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5.3 Budworm Risk, Impacts, and Decision Support

5.3.1 Empirical Understanding

The historical spruce budworm modeling of Holling and colleagues (Jones 1977;
Clark et al. 1979), in collaboration with Baskerville, directly contributed to for-
est policy discussions (Baskerville 1976) and considerations of timber supply and
effects of defoliation on provincial economy and employment (e.g., Baskerville
1982). It also contributed to broader development of timber supply modeling
and forest management decision-making frameworks in New Brunswick (e.g.,
Baskerville and Kleinschmidt 1981; Hall 1981), and was the precursor of stand-
and forest-level modeling inherent in the modern spruce budworm decision sup-
port system (SBWDSS). Here we (1) review empirical relationships between
defoliation levels and reductions in stand growth and survival, and the factors that
influence them; (2) relate the population processes from Sect. 5.2 to the impacts
measured at tree-, stand-, and neighborhood scales; and (3) describe the founda-
tion and functioning of the SBWDSS.

Defoliation links insect budworm population factors to stand responses
(MacLean 1980; Erdle and MacLean 1999). Current defoliation is directly corre-
lated with late larval stage population density, so current and cumulative defolia-
tion link budworm population dynamics to stand responses. From the standpoint
of predicting or inferring effects of budworm outbreaks on growth and yield or
timber supply, defoliation is easier to assess at the branch-, tree-, stand-, or land-
scape scale than are budworm population levels. Current defoliation sampling
methods include manually assessing percentage defoliation by foliage age class,
on shoots, branches, or trees (e.g., Fettes 1950; Sanders 1980; MacLean and
Lidstone 1982) and also well-developed aerial survey techniques (e.g., Dorais and
Kettela 1982; MacLean and MacKinnon 1996) that rely on the reddish coloration
of foliage resulting from budworm larvae severing and webbing together needles
as they feed. Repeated annual measurement of current and cumulative defoliation
on individual trees in permanent sample plots, and relating cumulative defoliation
to growth and survival of those trees over time, is the basis for much of our empir-
ical understanding of budworm impacts.

So what do we know about budworm defoliation, impact relationships, and
effects on trees and stands? First, budworm population density is the main driver
of annual current defoliation (e.g., Figure 5.3), and several factors influence bud-
worm population trends. But host tree species also influence current defoliation,
with an extensive permanent sample plot data set (>27000 tree and 1117 stand
measurements from 1984 to 1992) revealing a clear and consistent hierarchy
of host species defoliation. Regardless of budworm population density (defo-
liation severity) and various stand variables tested, white, red, and black spruce
had approximately 72, 41, and 28 % as much current defoliation as balsam fir,
respectively. Phenology of host bud burst and budworm larval development may
be the leading cause of reduced defoliation on red and black spruce compared
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with balsam fir and white spruce. Red and black spruce bud burst occurs on aver-
age 2 weeks later than on balsam fir (Greenbank 1963), causing lower early instar
larvae survival on red-black spruce and lower percent defoliation relative to other
host species (Lawrence et al. 1997; MacLean and MacKinnon 1997).

Second, host tree defoliation and tree growth reduction and mortality are con-
sistently reduced when host trees are mixed with deciduous trees not just within
stands, but also in relation to surrounding stands (Bergeron et al. 1995; Su et al.
1996; Campbell et al. 2008). Reduced budworm impacts within mixed forests may
be attributed at least in part to the effect of hardwood species on the abundance
and composition of budworm natural enemy communities. Tachinid parasitism of
larvae and ichneumonid parasitism of pupae were elevated in stands mixed with or
surrounded by deciduous species (Cappuccino et al. 1998), and a similar response
was observed for egg parasitism by a hymenopteran species (Quayle et al. 2003).
Importantly, stands with a hardwood tree species component contain many alterna-
tive host Lepidoptera species for multivoltine parasitoids that parasitize budworm.
This can be critical as multivoltine parasitoids need to subsist on an alternate host
in the late summer and autumn to continue their life cycle (Maltais et al. 1989).
High levels of non-host deciduous species could also contribute to significant
losses of first- and second-instar larvae during dispersal to other hosts (Kemp
and Simmons 1978). The effects outlined here refer to factors affecting levels of
defoliation at the plot to neighborhood scale (e.g., 1 km radius; Campbell et al.
2008). We speculate that the feedback between forest composition and budworm
population dynamics may scale up to influence regional differences in outbreak
frequency (Fig. 5.4) and intensity (Cooke, unpublished manuscript).

Third, growth reduction and mortality impacts at the tree- and stand scale are
strongly related to cumulative defoliation over successive years (e.g., Erdle and
MacLean 1999; Ostaff and MacLean 1995). Tree mortality rates are also a func-
tion of species and age class, whereas growth reduction has been observed to
be similar, for a given level of 5-year cumulative defoliation among balsam fir,
white spruce, and red-black spruce (Erdle and MacLean 1999). The relationships
between growth, survival, and cumulative annual defoliation, by species, appear
to be robust among differing outbreaks and studies, and can largely be consid-
ered deterministic. Outbreak severity and duration largely determines the amount
of cumulative defoliation. However, real-world defoliation patterns are gener-
ated by the multiscaled interaction among forest conditions, nonlinear budworm
population dynamics, complex trophic interactions, and the climatic and weather
drivers affecting the predator—prey interaction (Sect. 5.2). For example, recent
cluster analysis of aerial survey data for the last major outbreak in New Brunswick
shows spatially aggregated regions with current defoliation ranging between 1
and 16 years (Zhao et al. 2014; Fig. 5.6). Other authors have identified analogous
spatial heterogeneity in defoliation within an outbreak cycle across much of the
boreal forest (Candau and Fleming 2005; Gray 2008). Such variability in cur-
rent and cumulative defoliation underscores the importance of drawing together
budworm population modeling and impact/decision support system modeling
approaches.
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Fig. 5.6 Cluster analysis of spruce budworm defoliation in New Brunswick, Canada, from 1966
to 1993 resulted in 28 representative defoliation patterns, which were grouped into five categories
(a—e) with divergent defoliation duration (ranging from 1 to 16 years; Yrs. defol.) and amounts
(equivalent to removal of 2 to 10 age classes of foliage; Sum defol. %) (Zhao et al. 2014). Duration
and severity of spruce budworm defoliation determines the resulting magnitude of impacts
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Fourth, stand and site characteristics, and tree vigor, have been observed to
influence current defoliation, growth reduction, and survival in some studies (e.g.,
Lynch and Witter 1985; Hix et al. 1987; Osawa 1989; Archambault et al. 1990;
Dupont et al. 1991; MacKinnon and MacLean 2003) but not in others (Bergeron
et al. 1995; MacLean and MacKinnon 1997). These appear to be weaker relation-
ships, which break down during severe defoliation episodes.

5.3.2 Spruce Budworm Decision Support System (SBWDSS)

Advances in computer and information gathering technology have made the eval-
uation of alternative management practices through model simulation a feasible
and valuable tool for forest managers (MacLean 1996). The SBWDSS, originally
developed conceptually by Erdle (1989) and refined into a software application by
Canadian Forest Service researchers (MacLean et al. 2001), was developed to pro-
ject effects of budworm outbreaks on tree growth, mortality, and timber supply,
and to incorporate potential management actions into a decision-making frame-
work. It is built on the empirical impact relationships described in the previous
subsection. Annual defoliation data obtained from aerial surveys and various user-
defined defoliation scenarios are converted into cumulative 5-year defoliation. The
model is deterministic and thus multiple defoliation scenarios are used but could
eventually be coupled to population dynamic models as these improve. Estimates
for the different scenarios are used to model tree growth reduction and stand mor-
tality in a GIS forest inventory database (MacLean et al. 2001). Hennigar et al.
(2007) improved the SBWDSS modeling framework by integrating stand-level
budworm volume impacts into a forest estate model (Remsoft Spatial Planning
System 2010), allowing pest management decisions such as foliage protection,
harvest rescheduling, and salvage to be considered when maximizing timber flows
during a budworm outbreak (MacLean et al. 2000, 2002).

The latest iteration of the SBWDSS allows integration between forest manage-
ment planning and optimization models and underlying tree impact information
derived from pest management decision support tools (McLeod et al. 2012). This
tool can assist land managers in quantifying marginal benefits of protecting forest
stands against insect defoliation (e.g., in terms of timber volume in m> ha=! or
value as $ ha™!). Protection cost: benefit analyses can be conducted using existing
forest inventory and insect monitoring data in combination with forest manage-
ment planning models to project the effects of foliage protection strategies on for-
est development and forest values.

This decision support system (DSS) comprises several specialized tools that
allow users to simulate insect impacts on trees, stands, and forests (McLeod
et al. 2012). These tools leverage stand growth modeling capabilities (FORUS
Research, Fredericton, NB) and allow forest impact analyses to be conducted
with existing strategic forest management optimization models (Remsoft
Spatial Planning System 2010). These capabilities permit efficient exploration
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of cost-effective foliage protection or wood salvage scenarios. The tools can be
divided into those used in estimating stand effects for strategic forest impact anal-
ysis (nonspatial tools) and those used for optimal spatial design of operational
spray blocks (spatial tools). Nonspatial tools can be used to calibrate and imple-
ment the SBWDSS.

Strengths of the SBWDSS approach include robust stand-scale relationships,
integration with existing forestry modeling tools, and use in tactical decision-mak-
ing. Limitations of empirical DSS are that outbreak severity (number of years of
>30 % annual defoliation) varies considerably and is scale- and context-depend-
ent; studies are underway to better understand spatial and temporal variabil-
ity of historic defoliation patterns in New Brunswick and Maine, United States,
and to relate variability to budworm sample numbers. Since the SBWDSS stand
impact matrix includes effects of all possible combination of cumulative defolia-
tion on volume production, analyses can be scaled to differing outbreak severities.
Nonetheless, until population modeling can actually project outbreak severity in
time and space several years into the future, the stand growth/DSS approach will
likely continue to use “what if,” user-specified defoliation scenarios that are typi-
cally based on previous outbreak patterns, as well as monitoring and annual updat-
ing of stand-scale defoliation conditions during outbreaks using aerial survey or
potentially remote sensing.

5.3.3 Transcending Traditional Disciplines

A commonality between the budworm population modeling and hazard modeling
implied by Fig. 5.5 is the predominant absence of spatial context, particularly with
respect to supporting data collected at plot (e.g., Royama 1984) and stand (e.g.,
MacLean 1980) scales. Analogous to insights described in the previous section
(Fleming et al. 1999, 2002), landscape ecology left its mark on traditional impact
studies starting with the recognition by Bergeron et al. (1995) that neighborhood
and spatial context had implications for budworm damage, including the commu-
nity composition and abundance of natural enemies (Cappuccino et al. 1998). The
fact that both budworm and its natural enemy complex are mobile and therefore
sensitive to spatial context could no longer be ignored.

An important consideration is that the vegetation equations underlying the
eruptive class of models (Table 5.1) were not developed from data and have never
been validated. The vegetation equations, which Hassell et al. (1999) showed to
exhibit intrinsically explosive dynamics, were derived from Jones (1974, 1977),
which in turn were supposedly inherited from an unpublished 1973 M.Sc thesis
by a J.M. Stander at the University of British Columbia, Canada. Given the criti-
cal dependency of the eruptive models on vegetation dynamics, and the absence
of vegetation dynamics in Royama’s framework (Box 5.1), any modern hybrid
modeling approach should revisit the question of how foliar biomass changes as
trees and forests grow and prune themselves, and how this variable responds to
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budworm defoliation. Forest empiricists may be well-positioned to address this
question, and in so doing, greatly inform the scaling of budworm populations to
stands and landscapes. Likewise, budworm disturbance scenarios projected by the
SBWDSS generally operate on the premise that budworm population dynamics
are not affected by slower dynamics such as changes in forest conditions and cli-
mate—in other words, past dynamics are reasonable indicators of future outbreak
behavior. We suggest that SBWDSS projections could be improved by incorporat-
ing feedback between forest and budworm defoliation scenarios in a way that is
consistent with a modern synthesis of past modeling paradigms.

To fully understand critical feedbacks between forests and budworm dynam-
ics relevant to both populations and their effects, we need to understand both tree
losses (growth reduction and tree mortality) and tree response, i.e., regeneration
and infilling of small or large gaps by surrounding trees (e.g., Spence and MacLean
2012). The former represents short-term hazard analysis, that is, within the realm of
the current DSS. The latter represents long-term risk to timber supply and implica-
tions for future forest conditions, and requires a process-based modeling approach
such as is embedded in landscape disturbance and succession models.

5.4 Landscape Disturbance and Succession Models

Landscape disturbance and succession (LDSM) models form a subset of forest
landscape simulation models, identified by their explicit simulation of dynamic
interactions between vegetation and disturbances in both space and time, and thus
address the need to evaluate long-term risk by modeling long-term forest dynam-
ics (Scheller and Mladenoff 2007). These LDSMs share a set of common traits,
albeit with differing levels of sophistication, process, and complexity. Each sim-
ulates vegetation change in response to one or more disturbances and over time
in the absence of disturbance. Each includes some environmental representation
of the biophysical template (sensu Urban 2005) that affects the growing environ-
ment. While these processes generally operate and manifest locally at the level of
a grid cell or polygon, they may be affected by neighborhood processes (e.g., seed
source), environmental change (e.g., climate change), or vegetation—environment
interactions (e.g., nutrient cycling). Simulated disturbance processes also vary
in their respective degree of sophistication and coupling with other model pro-
cesses. Unlike the deterministic optimization approach characteristic of the cou-
pled SBWDSS and timber scheduling software described in the previous section,
LDSMs explicitly incorporate the stochastic nature of disturbance and vegetative
processes that reflects their intended purpose—to project future landscape condi-
tions over comparatively longer timescales (e.g., centuries to millennia compared
with DSS projections of years to decades). Spatial interactions among processes
are fundamental to the approach because they “produce emergent behavior that
contributes to the evolution of landscape pattern and changes in spatial heteroge-
neity at multiple scales” (Scheller and Mladenoff 2007, p. 493-494).
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Implementation of defoliator disturbance regimes within the LDSM framework
requires methods to (1) define outbreak dynamics in time and space, (2) define the
spatial distribution of resulting impacts, and (3) implement the vegetation response
to those impacts (Sturtevant et al. 2004). As should be apparent from the previ-
ous sections, predicting outbreak severity and duration across a complex landscape
cannot be done with any certainty (e.g., Figure 5.6). Uncertainty is factored into
LDSMs by applying disturbance processes according to stochastic functions. To
date these functions have been defined simply, where outbreak periodicity and
extent may be derived empirically from either dendrochronological studies (e.g.,
Jardon et al. 2003; Bouchard et al. 2006) or aerial survey data (e.g., Peltonen et al.
2002; Gray and MacKinnon 2006, 2007).

Simulating the characteristic spatial patterns of budworm-related mortal-
ity within a given outbreak (i.e., aggregation, severity, etc.) requires scaling the
plot- and stand-scale impact relationships defined in the previous section to het-
erogeneous landscapes. Section 5.3 describes how forest composition, age, and
growing environments can contribute to heterogeneity in defoliation impacts.
The consequence of these combined relationships is that, in pure fir stands, mor-
tality can be stand replacing, i.e., coarse scale, large opening (e.g., Baskerville
1975; MacLean 1980) but in mixed species stands overstory mortality is partial,
forming small canopy gaps (e.g., Kneeshaw and Bergeron 1998; D’Aoust et al.
2004; Kneeshaw et al. 2008). Sturtevant et al. (2012) therefore scaled plot-level
relationships between host abundance and disturbance impacts to landscapes as
disturbance probabilities, resulting in a gradient of patchy “gaps” (i.e., isolated
disturbed cells) where hosts were rare to more continuous mortality where hosts
were dominant (Fig. 5.7). Neighborhood effects, such as reduced impacts within
forests dominated by hardwoods (Su et al. 1996; Cappuccino et al. 1998), may be
similarly approximated by adjusting disturbance probabilities based on neighbor-
hood context (James et al. 2011). Nonetheless, considerable variability remains in
defoliation impacts that both overlay and interact with the landscape structure and
composition (e.g., Belle-Isle and Kneeshaw 2007). Such methods can be further
refined by quantifying spatial patterns of defoliation mapped using remote sensing
(e.g., Foster 2011).

Forecasting forest dynamics following spruce budworm outbreaks requires that
tree species recruitment is understood as a function of overstory mortality. One of
the simplest conceptual models of budworm-related forest succession is the cycli-
cal model of balsam fir replacing itself in fir-dominated stands (Baskerville 1975;
MacLean 1980). This model is based on the high shade tolerance of balsam fir
(Kneeshaw et al. 2006) and its ability to form dense seedling banks that are released
following overstory mortality (Morin et al. 2009). As suggested by Baskerville
(1975), this model becomes more complex as forest structure and composition
increase in complexity. For example, Kneeshaw and Bergeron (1998) show that
budworm-caused mortality can lead to both the maintenance of shade intoler-
ant hardwoods and the increase of non-host shade tolerant species such as eastern
white cedar (Thuja occidentalis) in mixed species stands. Others have shown that
outbreak periods are associated with recruitment peaks of many companion species
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4 Fig. 5.7 Simulated budworm disturbance within a landscape disturbance and succession model
(Sturtevant et al. 2012), illustrating realistic simulation of budworm defoliation disturbance in
both time (e.g., alternating moderate and severe outbreaks) and space (i.e., diffuse mortality
moderated by spatial heterogeneity in host tree species). Large patches where budworm damage
is absent reflects absence of host due to recent fires. Importantly, outbreaks were predefined to
occur every 33.5 & 10.6 years (mean & SD) constrained to a 10-year time step. Alternating mod-
erate and severe outbreaks emerged from the lagged response of regenerating host species

in addition to balsam fir (Bouchard et al. 2006). An increase in the presence of com-
peting shrub species has also been linked to budworm outbreaks (Batzer and Popp
1985; Kneeshaw and Bergeron 1999; Kneeshaw and Prevost 2007).

Modeling of post-outbreak forest dynamics will be improved by a better under-
standing of understory seedling dynamics and their interactions with overstory
composition and spruce budworm populations. For example, in some cases the
forest may be too young or dominated by mixed species such that advance balsam
fir regeneration banks are sparse. In other cases, as budworm populations increase
and exhaust food resources in the overstory, the larvae may disperse downward
(“down-spinning”) and defoliate the understory regeneration layer (Ruel and Huot
1993). This can then lead to a patchy forest structure and permit the recruitment of
species other than balsam fir. However, knowledge of the effects of larvae down-
spinning and defoliation of the understory seedling bank is lacking limiting our
ability to establish the budworm population densities at which this process occurs.

The above elements are sufficient to examine budworm—forest interactions,
with useful insights. For example, emergent behavior, such as alternating low
severity and high severity outbreaks (Blais 1981; Bouchard et al. 2006), may be
observed due to the inertia of host recovery following severe outbreaks (Fig. 5.7).
Interactions between budworm, forest composition, and other disturbance regimes
including fire and harvesting have also been investigated using LDSMs (James
et al. 2011; Sturtevant et al. 2012). Nonetheless the current “state of the art” in
insect modeling within LDSMs lags somewhat behind that of some other distur-
bances, such as fire. For example, nonstationary fire “regimes” may be derived
from the emergent behavior of the underlying processes affecting fire ignition,
spread and extinguishment, and the interactions of these processes with forest
conditions, weather, and climate (McKenzie and Perera, in this volume). Coupled
forest—-budworm feedbacks have not yet been attempted within the LDSM frame-
work, despite empirical evidence for such feedbacks at the landscape scale (as
described above) (Candau and Fleming 2005; Bellier et al. 2007; Robert et al.
2012). Including such feedbacks could generate additional complexity in outbreak
patterning, such as alternating patterns in per capita impact on host trees (i.e., high
intensity in one outbreak, low intensity in the next), as reported by Bouchard et al.
(2006). This alternating pattern in outbreak intensity would constitute a multiplica-
tive effect over and above the far more intuitive pattern of outbreaks that vary in
extent in proportion to host cover. Such scenarios can then serve as the basis for
sensitivity analysis and scenario testing within the SBWDSS framework.
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Landscape applications of the eruptive era models (i.e., Clark et al. 1979;
Stedinger 1984; Fleming and Shoemaker 1992) used very coarse resolution forest
compartments, with dispersal between them. Environmental factors have consid-
erable influence on local dynamics (Gray 2013), such that spatial heterogeneity
in landscapes is an important consideration. LDSMs can supply the more realistic
forest responses that include spatial heterogeneity, although this opportunity for
scaling has yet to be taken advantage of. Yet other processes—in particular the
multiple scales and magnitudes of movements by both budworm and their natural
enemies—remain unresolved. Computational demands of such multiscaled move-
ments may also restrict their practical application within LDSMs, despite expo-
nentially increasing computing technologies. Consequently, the same fundamental
problem limiting SBWDSS also limits LDSMs, albeit at a different temporal scale
(i.e., decade vs. century).

The development of such coupled modeling will also be critical for evaluat-
ing the effect of climate change on budworm-tree dynamics. LDSMs are already
commonly applied to investigate the effects of climatic change on vegetation
dynamics, typically by using climate—envelope relationships to define vegetation
response to changing environments (e.g., Scheller and Mladenoff 2005; Keane
et al. 2008; Ravenscroft et al. 2010). Among the many insights from these investi-
gations is that spatial heterogeneity can influence vegetation response to environ-
mental change (Scheller and Mladenoff 2008) and that indirect consequences of
climate change, particularly consequent changes to disturbance regimes, can have
larger consequences than the direct effects of environmental change on vegetation
(Gustafson et al. 2010).

While LDSMs provide opportunity to investigate climate—budworm-landscape
interactions, the science of climate—insect interactions has not yet been integrated
into this framework. The regional empirical analyses of Gray (2008) and Candau
and Fleming (2011) provide some guidance for how to parameterize future out-
break patterns under a warming climate. Alternatively, the processes underlying
climatic constraints on population dynamics may include the ability of budworm
to complete its life cycle based on cold temperature constraints on growth at high
latitudes, and energetic constraints on survival of overwintering larvae at low lati-
tudes (Régniere et al. 2012). Fleming (1996) suggested temperature-dependent
predation or parasitism rates may also be involved, and as yet no evidence sug-
gests these processes are not operating simultaneously. Other authors suggest
that differences in weather variability across the same latitudinal gradient may
also affect budworm population dynamics (Cooke et al. 2007; Dukes et al. 2009;
Cooke, unpublished manuscript). To date, conceptual insights and advances have
not been integrated into a single modeling framework.

The strength of the LDSM approach lies in its integration of processes occur-
ring at different spatial and temporal scales, with both direct and indirect feedback
between vegetation, multiple disturbances, and environment in time and space.
The degree of complexity in the way these processes are represented can range
from purely empirical functions based on past observations to theoretical relation-
ships grounded in first principles. Stochasticity is fundamental to the approach to
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account for what we can and cannot project reliably. With respect to insect distur-
bance in general, and budworm disturbance in particular, applications have been
weighted more toward empirically derived functions with associated probabilistic
uncertainty.

The extensive research and modeling of budworm population and disturbance
processes summarized in the previous two sections provides a rigorous basis for
incorporating additional insect disturbance processes into the LDSM approach.
In essence, the LDSM provides dynamics of critical vegetation and environmen-
tal gradients in time and space that could determine the “conditional equilibrium
state” affecting harmonic oscillations of budworm populations (sensu Royama
1992). To simulate the disturbance process more precisely, empirical relationships
underlying the SBWDSS could be adapted into impact functions. Insect movement
could be simulated to interact with spatial heterogeneity of vegetation and envi-
ronment to account for neighborhood and synchronization processes, while the
flexible architecture of the LSDM may allow evaluation of competing hypotheses
in a way that remains sensitive to scale. Integration of these processes with climate
drivers affecting population dynamics provides opportunity for a “whole-system”
approach to the question of climate change effects that may be compared directly
for consistency with empirical study (e.g., Gray 2013).

Equally important is clear recognition of the appropriate domain of appli-
cability for the LDSM approach. It is intended to capture spatial patterns at the
landscape scale and temporal patterns on the order of a century or longer. This
approach is therefore more amenable to strategic questions such as evaluation and
consequences of alternative future scenarios at the above spatial and temporal time
scales. It is not well-suited to address tactical decisions such as the specific place-
ment of forest treatments in time and space, nor short-term projections of impacts
and system response.

5.5 Opportunities for Synthesis
5.5.1 Model Integration

It is not surprising that multiple modeling paradigms have persisted over time: the
data, as good as they are, have been insufficient to fully parameterize or refute any
one model. Data uncertainties and model uncertainties were such that conjectures
went unrefuted for long periods. Hypotheses that fell out of favor were revisited as
new data, new methods, and new operational needs emerged (Figs. 5.2 and 5.5).
Consequences of the modeling paradigm for using insecticides for population
control were particularly acute. For example, logical consequences of the cyclic
model by Royama (1984) suggested local-scale foliage protection could be pur-
sued without any threat of prolonging the region-wide cycle due to the role of
natural enemies in promoting cyclic behavior (Royama et al. 2005), while the
eruptive model by Ludwig et al. (1978) that minimized the role of natural enemies
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indicated foliage protection would necessarily prolong the outbreak. Similarly,
Stedinger (1984) suggested that spruce budworm populations could be driven
to local extinction if intense insecticide spraying occurred early enough in the
growth phase of the outbreak cycle, while Royama (1984) contended that very
little could be done to manage area-wide outbreaks, and that epicenter suppres-
sion would always end in futility when landscape-wide cycles proceeded to rapid
synchronization via the Moran effect (Moran 1953; Royama 1984, 1997, 2005;
Régniere and Lysyk 1995; Cooke et al. 2007). The most recent documentation
of Allee effects (Régniere et al. 2013) and the renewed interest in dispersal as a
synchronizing agent affecting the spatial scale of outbreaks (Régniere and Lysyk
1995; Sturtevant et al. 2013) has revitalized the debate about the efficacy of early
intervention programs to manage outbreaks versus simply protecting foliage.
Such divergent policy implications underscore the importance of clarifying model
assumptions and of the role of science in reducing the most critical uncertainties.
Meanwhile, recent warming of the North American boreal forest is changing the
rules under which outbreaks have historically developed (Gray 2013).

As illustrated repeatedly by the spruce budworm modeling history, there is a
natural tension between the inclusion of detail (model specificity) versus keeping
models simple (model generality). This tension cuts across the contrasting para-
digms outlined here, in that Ludwig et al. (1978) and Royama (1984) both advo-
cated parsimonious models of minimal complexity (see Box 5.1), whereas Jones’s
original (1974) site model is aptly described as a “big, ugly model” (sensu Logan
1994) with a high degree of complexity. We suggest that a middle ground is neces-
sary to attain a qualitatively well-specified model of the feedback couplings that
give rise to the major features of budworm disturbance regimes. The opportunity
for a modern synthesis can be represented by a hybrid model involving two lev-
els of reciprocal feedback, one for the herbivore and its host tree, and one for the
herbivore and its parasites, each contained within the larger context of dynamic
climate gradients (Fig. 5.8). While simple in concept, model behavior will be com-
plicated by the movement of budworm and their natural enemies, by coupled non-
linear relationships among trophic levels, and by cross-scale interactions among
processes occurring at different temporal rates and spatial scales. Such complexi-
ties were well-recognized by budworm modelers as far back as the 1970s (e.g.,
Ludwig et al. 1978). What was underappreciated by followers of either paradigm
was the combination of major features of outbreak behavior necessary to mini-
mally characterize its dynamics in time and space, i.e.:

e Synchronizable (phase-forgetting), low-frequency oscillations that are more fre-
quent (every 20—40 years) than the average rate of stand replacement

e High-frequency sawtooth oscillations (every 4-7 years), associated with fluctua-
tions in fecundity and dispersal propensity

e Eruptive epicenters that serve as early sources for area-wide outbreaks

e Qutbreak cycles that tend to alternate between non-stand replacing and stand
replacing (i.e., not all outbreaks rising to the same level of devastating impact)

e Climatic gradients that track northward with climate warming



5 Modeling Insect Disturbance Across Forested Landscapes ... 123

Regional Dynamics

/ Local Dynamics Landscape Dynamics \

Natural
Enemies (P) Dispersal

arFiat (Epicenter Hypothesis)
l‘ Weather

Budworm (B) (Moran Effect)

== Weather (Moran Effect)
+
l Dispersal
\ Forest (F) (synchronization + outbreak spmy

=== | udwig-Jones-Holling  ==== Royama === Hybrid Model

Climate (C)
dC/dt

Fig. 5.8 Multiple equilibrium models championed by Holling and colleagues (Ludwig et al.
1978; blue) included predation; however, strong reciprocal feedback centers on the budworm—
forest interaction. In contrast, the harmonic oscillation model championed by Royama (1992;
red) emphasized strong reciprocal feedback in the higher trophic levels, with budworm—forest
interactions as a secondary consideration. A modern synthesis (black) would consider both levels
jointly, including the potential for eruptive and cyclic behavior, as well as the broader-scale con-
text of climate

Likewise, decades of empirical study of budworm impacts on forests (Sect. 5.3)
suggest the following common response, in decreasing order of strength and con-
sistency of relationships:

Host species composition and age determine mortality

Outbreak severity and duration determine the magnitude of impacts

Host species influences defoliation

Deciduous content within stands and neighborhoods reduces host defoliation
Stand and site characteristics and tree vigor show influence under some circum-
stances but are the weakest effect

Of these five drivers of budworm impacts, outbreak severity and duration are noto-
riously variable (Fig. 5.6) with major implications for projecting effects on forest.
Accurate modeling of spruce budworm population trajectories may never be use-
ful for precise predictions at an operational scale. Yet we expect consistent, high-
resolution monitoring of forest conditions will improve the utility of the SBWDSS
approach for decision-making. In addition, insights from complementary mod-
eling (e.g., climate drivers, LSDMs) may improve the current approach (i.e., using
past behavior to predict the future) by developing more plausible and informative
alternative outbreak scenarios. For example, one might expect a light or moderate
outbreak to follow a severe one, but what is the relative plausibility of such a sce-
nario? Likewise, how might current climate affect the severity of the next outbreak
cycle?
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Integration of coupled landscape—climate—insect feedbacks—using insights and
relationships from population and impact modeling approaches, respectively—
within an LDSM framework can address many pressing issues facing land manag-
ers today. These include the cumulative effects of land management activities on
insect disturbance frequency and intensity (Miller and Rusnock 1993), the direct
influence of climate change on outbreak dynamics (Régniere et al. 2012; Gray
2013), and the interactions between these factors as they affect forest resilience to
novel anthropogenic change. Among the key uncertainties are:

e Multiscaled insect movement as mediated by heterogeneity in resources and
weather patterns

e Adaptive response of budworm to novel climates

e Defoliation effects on advance fir regeneration and subsequent successional
pathways

e Responses of parasitoids to new habitats, landscape configuration, and climate

5.5.2 Transferability of Insights Among Defoliator Systems

Spruce budworm is arguably one of the most studied insects on the planet. Spruce
budworm share many elements of system behavior with other important forest-
defoliator systems (Cooke et al. 2007), and many of the lessons learned under the
extensive budworm research programs may be transferable to modeling these sys-
tems. Features common among many forest defoliator systems include the near
universal role of the Moran effect as a regional synchronization factor (Bjgrnstad
et al. 2008), prevalence of simultaneous top-down and bottom-up drivers affect-
ing population cycling behavior (Myers and Cory 2013), and the importance of
climate drivers affecting system behavior—including outbreak dynamics and
range expansion (Jepsen et al. 2008; Bentz et al. 2010; Zografou et al. 2014) and
the robust empirical relationships between defoliation and growth reduction and
mortality (e.g., Osawa 1989; Erdle and MacLean 1999). Indeed, the generalized
framework of the SBWDSS has also been applied to insects other than spruce bud-
worm. It has been used to calibrate and predict timber supply impacts of balsam
fir sawfly (Neodiprion abietis) and eastern hemlock looper (Lambdina fiscellaria)
defoliation scenarios in Newfoundland, Canada (Igbal et al. 2012). It also includes
defoliation impact modeling data for jack pine budworm (C. pinus). Likewise, a
generic insect disturbance approach for LDSMs used budworm as a demonstra-
tion (Sturtevant et al. 2004) and has since been applied to defoliation disturbance
in China (Chen et al. 2011) and Siberia (Gustafson et al. 2010), and enhanced to
simulate effects of defoliation on carbon cycling within eastern deciduous forests
of North America (Foster 2011; Kretchun et al. 2014).

Berryman (1986) proposed that individual forest insect pest systems could
be classified into discrete categories ‘“eruptive,” ‘“cyclical,” “gradient,” “pulse,”
and “‘sustained” according to the dominant pattern of fluctuation in space and time.

LLINT3
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After five decades of research on a cross-scale system such as spruce budworm it
is apparent that the system exhibits a broad array of complex dynamics, any facet
of which may be observed, depending on the spatial and temporal scale of obser-
vation. There is little reason to suspect that other cross-scale systems, being regu-
lated both from above and below and by weather and climate, should behave any
more simply. For example, the forest tent caterpillar (Malacosoma disstria) system
has also been approached from two divergent perspectives: the eruptive paradigm
(Rose and Harmsen 1981) versus that of the harmonic oscillation (Cooke et al.
2012). Although evidence is mounting that the effect of specialist and general-
ist parasitism is strong enough to induce a predator—prey oscillation in this sys-
tem (Roland and Taylor 1997; Roland 2005), there is also evidence of traveling
waves of eruption (Cooke et al. 2009), which may be a result of the positive den-
sity dependence of mating success on population density at low population den-
sities (Sjostrom and Roland, unpublished data), as reported for spruce budworm
(Régniere et al. 2013). Indeed, it is increasingly clear that the forest tent caterpil-
lar also responds strongly to spatial and temporal gradients in both climate condi-
tions (Daniel and Myers 1995) and landscape structure (Roland et al. 1998; Cooke
and Roland 2000, Wood et al. 2010), suggesting a remarkable parallel with spruce
budworm. We suggest that the most fruitful modern avenue of research in forest—
insect—climate interactions is in testing inclusive hypotheses that allow for multi-
ple processes acting simultaneously using integrative, multiscale landscape models
that embrace the possible existence of a range of dynamical behaviors.

Research and modeling of other defoliator systems can likewise inform mod-
eling of spruce budworm. One of the major limiting factors restricting under-
standing of budworm cycling dynamics is its unusually long cycle length that
exceeds most scientific careers. Other systems that cycle more frequently are
more amenable to both statistical modeling and model validation, providing valu-
able insights into the processes underlying outbreak dynamics in time and space
(e.g., larch bud moth (Zeiraphera diniana): Johnson et al. 2006, forest tent cat-
erpillar: Cobbold et al. 2005; Hughes 2012; Robert 2014; European gypsy moth
(Lymantria dispar): Haynes et al. 2009). Similarly, the detailed study of the inva-
sion by the gypsy moth in North America offers unique insights into processes
such as Allee effects in time and space, while multiscaled and multi-trophic level
study of the forest tent caterpillar offers unique insights into scale-specific factors
affecting host—parasitoid dynamics (Roland and Taylor 1997; Roth et al. 2006).
Insights from these other systems suggest fruitful areas of research within the
spruce budworm system.

5.6 Concluding Remarks

The spruce budworm case study is a dramatic illustration of the interplay between
data and modeling, the broader challenge of simulating insect—forest interactions
in time and space, and the conflicting management guidance that can emerge from
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such activities. Indeed, foundational concepts such as cross-scale theory (Holling
1992), adaptive cycles and ecological resilience (Gunderson and Holling 2002),
spatial population dynamics (Bjgrnstad et al. 1999), and aerobiology (Gage et al.
1999) can all trace pivotal roots to the collective spruce budworm research pro-
gram. Such broad influence speaks to the power of modeling on the scientific
enterprise and its interaction with land management and policy. While not empha-
sized here, there is an undeniable human dimension to the artistic and nonscien-
tific aspects of model development that are apparent in the divergent perspectives
applied to the problem (Table 5.1; Box 5.1; Fig. 5.5). The budworm case study
illustrates how insights from each perspective can be complimentary, and how
conflict and debate among these perspectives provided deeper insights that ulti-
mately led to more complete understanding of the system. It also illustrates how
aspatial perspectives can lead to conflict in data interpretation, and how apprecia-
tion of scale, spatial heterogeneity, and movement can help reconcile seemingly
disparate schools of thought. Such lessons and insights have clear implications not
only for budworm as the latest widespread outbreak to hit North America develops
(i.e., 3.2 million ha of moderate-to-severe defoliation in Quebec in 2013; QMRNF
2013), but also insect disturbance modeling more generally.
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