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This dissertation uses techniques that were developed for renewable natural resource and

invasive pest management to describe the two principal challenges of eastern spruce budworm

(SBW) monitoring and management in Eastern Canada, with a specific focus on the province

of Quebec. The primary empirical components of this dissertation can be found in Chapters 2

and 3. Chapter 1 provides the necessary historic, entomological, ecological and policy context to

understand Chapters 2 and 3. Chapter 4 provides a conclusion to this dissertation by proposing

extensions that would make the models presented in Chapters 2 and 3 more readily applicable to

real-world spruce budworm management. These extensions involve making the models spatially

explicit, as the models presented in Chapters 2 and 3 are spatially crude for the sake of tractability.

Chapter 2 describes the management of an endemic irruptive forest pest and, using the

spruce budworm-balsam fir forest interaction, proposes an optimization model that determines

optimal pest treatment and forest harvest levels for a single, dimensionless forest stand that is



currently undergoing an active budworm outbreak. Budworms cause both growth reductions and

mortality on the forest biomass stock, and increasing forest biomass will provide budworms with

more prey, causing their growth rate to increase. Treatment decisions are limited to three discrete

possibilities (0, 1 or 2 on the landscape) that impose mortality on budworms, while harvests

remove a proportion of the forest biomass. Using a numerical solution algorithm, we find that

the optimal policy is generally to apply treatments over budworms and to harvest the forest at a

sustainable rate, which confirms that the current management programs used in Eastern Canada

are welfare-improving relative to letting an outbreak run its course. The time path for our baseline

scenario indicates that budworms can be treated down to endemic levels quickly. Sensitivity

analysis describes scenarios where budworm levels will rebound every year as well as scenarios

where the optimal policy is to clearcut the forest as quickly as possible.

Chapter 3 considers the pre-outbreak monitoring phase for spruce budworm management.

This context is informed by the Early Intervention Strategy, a management practice that is cur-

rently being successfully employed in New Brunswick and other Maritime provinces. EIS re-

quires extensive monitoring and proactive treatment. As such, we adapt a model known as CE-

SAT to determine the locations for which EIS would yield positive net benefits in eastern Quebec.

Under our baseline scenario, we find that EIS is optimal in some zones bordering New Brunswick,

which indicates that EIS is unlikely to be welfare-improving over current management practices

used in Quebec. Under different assumptions, however, we find that EIS is optimal across a much

larger landscape, yielding millions of CAD net benefits over a thirty year horizon.
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Chapter 1: Introduction: The Biology, Ecology and Economics of Eastern Spruce

Budworms and their Forests

1.1 Introduction

The eastern spruce budworm (Choristoneura fumiferana) is an economically and ecologi-

cally significant pest in eastern Canada and New England1. Budworm caterpillars eat the nettles

of coniferous trees; their preferred hosts are balsam fir, white spruce, and red spruce, and they

can also be found in black spruce, tamarack, eastern hemlock, and white pine [Talerico, 1983].

The spruce budworm belongs to the genus Choristoneura, which consists of moths that feed on

coniferous foliage.

At low population densities, budworm feeding does not cause significant harm to trees, and

budworms form an integral part of the ecology of eastern forests. Periodically, however, budworm

densities increase to the point where they completely defoliate trees. Several (3-5) consecutive

years of severe defoliation will cause trees to die [Huff et al., 1984]. Even in the absence of tree

mortality, pronounced defoliation will reduce growth rates and increase injury in trees. Three

1Throughout this dissertation, I use the terms "budworm" and "spruce budworm", as well as the abbreviation
"SBW", interchangeably to refer to the eastern spruce budworm. This is common practice in the literature (see, for
example, Talerico [1983]). All such references should thus be understood as shorthand for eastern spruce budworm.
The western spruce budworm, mentioned briefly in this chapter, is a closely related species that does not form the
basis of this study. Nonetheless, lessons from the study of eastern spruce budworm are applicable to the study of
western spruce budworm.
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years of defoliation are generally enough to kill a terminal leader [Huff et al., 1984]. Widespread

tree deaths cause economic, social and ecological damage, especially as trees are left to rot and

lose their value.

In this chapter, I present literature, models and empirical research on the biology, ecology

and economics of spruce budworms and the forests they inhabit, and I complement these contri-

butions with insights from invasive species and fragile ecosystems literature. This chapter will

help guide research presented in subsequent chapters. However, these chapters will have novel

models that were developed to each address one aspect of budworm management. This disserta-

tion covers three aspects: the harvest-treatment aspect, the pre-outbreak surveillance aspect, and

the multi-spatial interdependence aspect.

Chapter 2 presents a bioeconomic model for harvest and treatment decisions for an es-

tablished outbreak. This chapter employs a novel modeling approach where biomass stocks of

budworm pests and forest resources are modeled in discrete time (as opposed to continuous time

approaches such as Ludwig et al. [1978] and Ludwig et al. [1979]), with each time step hav-

ing before and after phases. The two choice variables are the proportional harvest of the forest

biomass and the discrete application of treatments to suppress the budworm biomass. Chapter

2 was developed with the foliage protection strategy in mind, which is why the initial spruce

budworm infestation level is assumed to be high.

Chapter 3 models surveillance decisions in a pre-outbreak context under an early interven-

tion program, and thus assumes that the initial spruce budworm infestation level is very low. It

adapts the CESAT model [Epanchin-Niell, 2020] to the spruce budworm management question

and specifically to an examination of the early intervention strategy by employing a single de-

tection method, a single treatment program, and a pest that can enter all parts of the landscape
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rather than through a single point of entry. There is a single choice variable, which is the number

of surveys sent into each part of the landscape. Treatment is a response to a survey outcome

rather than a model choice. Chapter 3 analyzes choices with and without a limited budget and

determines how survey resources might best be placed in Eastern Quebec to minimize the total

expected damages from outbreaks and costs from a survey and treatment program.

Chapter 4 provides descriptions of how the Chapter 2 and Chapter 3 models should be

adapted to a multi-spatial context. Chapters 2 and 3 were developed without considering spatial

pathways. In Chapter 2, this meant restricting ourselves to a single, dimensionless landscape.

In Chapter 3, this meant modeling budworm infestation events as an exogenous and continuous

process. If early detection of developing outbreaks and active treatment of advanced outbreaks

minimizes budworm spread across the landscape, this will capture additional benefits that were

not considered in Chapters 2 and 3.

This chapter distinguishes between the ecology of spruce budworms and their biology. I

use biology to refer to the behavior and life cycle of spruce budworms, and ecology to refer to

their interactions with their forest habitat. A forestry planner hoping to design and implement a

forest protection program must understand both.

From an economic modeling perspective, two aspects of budworm biology are relevant:

the year-over-year reproduction rate within a tree stand and the dispersal rate across a forested

area. Year-over-year reproduction is a simplification of the budworm life cycle. This life cycle is

described in subsection 1.3.1.

In terms of budworm ecology, planners are principally interested in the rate at which bud-

worm larvae consume foliage, the natural predation and stressors to which budworms are subject,

and the effects of treatments on local budworm densities. Biology and ecology are linked: pre-
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dation is a key component of year-over-year reproduction, since it determines the survival rate

of larvae. Budworms suffer from high natural mortality: over 90% of early-instar larvae will

die before they can become moths, due to starvation, parasitism, or predation. A forest manager

seeking to minimize budworm damages must apply treatments that cause additional mortality to

budworms; optimal timing and the importance of additionality are explored in section 1.4.

Despite recent and rapid advancements in knowledge, budworm dynamics are still not fully

understood due to the fact that outbreaks have generally been observed only after the outbreak

phase had begun. Entomologists have, therefore, been forced to work backwards from limited

sample data to determine how endemic outbreaks become epidemics. Two competing hypothe-

ses have emerged, based on the same set of data from a research project in Green River, New

Brunswick that was carried out from 1945 to 1959. The earlier hypothesis, formulated by Mor-

ris [1963], holds that budworms are characterized by two equilibria, one with low density and

one with high density. Disturbances can cause feedback loops which drive low-density popula-

tions to a high-density equilibrium. The second hypothesis, suggested by Royama [1984] after

re-analysis of the Green River data, is that spruce budworm follows a regular oscillatory pattern.

The implications of these two hypotheses are fully explored in section 1.3. Throughout all chap-

ters of this dissertation, I assume that the double-equilibrium theory holds, as this is consistent

with the most recent evidence.

Recent findings have suggested that the Morris hypothesis holds true, although this by no

means represents a consensus [Sturtevant et al., 2015]2. Under the assumption that the double-

equilibrium hypothesis does hold, researchers in New Brunswick developed a new strategy,

2This was also reflected in my conversations with policy planners and entomologists in Canada. Notably, the
former chief entomologist of Ontario shared his concerns about the recent re-appraisals with me.
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known as the Early Intervention Strategy (EIS), to deal with spruce budworm outbreaks, which

consists of monitoring the landscape, identifying increasing densities of budworms prior to the

realization of full outbreaks and interrupting the feedback loop to prevent epidemics. This strat-

egy has been implemented in other Maritime provinces, such as Newfoundland and Labrador and

Nova Scotia, with varying degrees of success. By comparing treatment programs in different EIS

provinces, we are able to determine the barriers to EIS success.

Two other strategies can be adopted when confronting a spruce budworm outbreak. The

simpler of these strategies is to do nothing. Given the high cost of salvage harvesting and active

budworm monitoring and the under-development of road infrastructure into northern and remote

regions, doing nothing and accepting losses will often be the only available or reasonable op-

tion. The second strategy, which is widely used in Ontario, Quebec, Saskatchewan, Alberta and

British Columbia and was traditionally used in Maritime provinces, is known as Foliage Protec-

tion (FP). This strategy consists of aerially spraying Bacillus thuringiensis var. Kurstaki (Btk)

and tebufenozide in order to suppress defoliation just enough to delay or prevent the death of

trees. Management is explored fully in section 1.5.

Planning for spruce budworm must be done on a long-term horizon, as action plans must

be developed for 25 or 50 year horizons, and in conjunction with planning for other threats to

the forest. While the present dissertation deals only with spruce budworm, certain strategies for

budworm management will have co-benefits. For example, monitoring resources devoted to SBW

may also have value for monitoring other pests, and efforts to diversify the forest inventory and

increase its resilience to SBW will also help prevent against other pest epidemics. Maintenance

of forest integrity can preserve habitat for vulnerable species such as caribou. Managers will

consider these co-benefits when planning activities.
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In this chapter, I present a comprehensive literature review on the biology, ecology and

management of eastern spruce budworms. I build simplified, generalized models for each facet

of management, and these models can serve as the priors for more focused research. Subsequent

chapters contain their own literature reviews, but these are more specialized, as they present

literature that pertains to the specific management problem at hand.

This chapter is organized as follows. Section 1.2 presents a generalized literature review

with a discussion of other relevant invasive and irruptive endemic pests, highlighting the sim-

ilarities and differences between the two. Section 1.3 focuses on the biology and life cycle of

budworms. Section 1.4 focuses on the ecology of budworms, including their relationship to

forests, their predators and parasites, and the chemical and organic agents that can be used to

treat them. Section 1.5 discusses the economic impact of spruce budworms, the three available

management strategies currently in use, and the history of budworm management. Section 1.6

discusses and concludes.

1.1.1 Motivation

Spruce budworm dynamics have not been extensively studied in economics literature. As

such, most economists, even ones who have knowledge of natural resource and pest dynamics,

are probably unaware of the particularities of spruce budworm management.

This chapter establishes the current state of affairs in spruce budworm literature, and ex-

plores the extant models of budworm and forest dynamics. These models will allow us to to

develop our theories and empirical methods, which are, for the most part, novel. In contrast

to the economics literature, the forestry, dendrochronology and entomology literature on spruce

6



budworm outbreaks is very well developed. This literature contains many parameters which we

will use to calibrate models in subsequent chapters.

The purpose of this chapter is to provide an overview of spruce budworm management that

will allow the uninitiated to quickly understand the context of budworm management and the

state of literature on budworm management. Establishing this baseline will make the rest of this

dissertation easier to understand.

1.2 Invasive and irruptive endemic insects

While the damages caused by invasive species have received extensive, and deserved, at-

tention in natural resource economics literature, less attention has been paid to native species

that display irruptive dynamics. Examples of such species include bark beetles, present in west-

ern North America, cone beetles, present in eastern North America, and the various budworms,

present throughout the northern part of the continent. While many of the dynamics of irruptive

species are similar to those of invasive species, the philosophy underlying their management is

fundamentally different. For example, it is neither optimal nor feasible to eliminate an endemic

irruptive species from its native region. Techniques developed to deal with invasive species can

inform the response to endemic species, but the specifics of fighting any specific endemic species

will be unique to that species. In the following subsections, I discuss relevant insights from other

literature on endemic and invasive species, fast and slow processes, and the economics of tipping

points in ecosystems.
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1.2.1 The economics of invasive and irruptive species control

The spruce budworm has received significant attention in the ecological and forestry litera-

ture, as covered in sections 1.3 and 1.4. However, the economic literature on spruce budworms is

sparse, especially when compared to other species such as spongy moth, emerald ash borer, jack

pine budworm and mountain pine beetle. Studying the dynamics of other irruptive and invasive

species provides insight as to how best to evaluate the damages caused by spruce budworm, and

work on the mitigation of the economic consequences of other species can be used to design

optimal management strategies for spruce budworm.

1.2.1.1 Invasive pests

Olson and Roy [2005] provide a generalized description of optimized prevention and con-

trol decisions for invasive species. Species are introduced at a rate ω, which can potentially be

reduced through screening in some cases. Planners must minimize the sum of prevention costs,

treatment costs and damages. In some cases, corner solutions are optimal, such that all resources

should be spent on treatment, or on prevention. In other cases, there will be interior solutions

for treatment and prevention, such that resources should be divided between each. The authors

provide five propositions that describe how the initial invasion size, invasion growth rate, intro-

duction rate and planner’s risk attitude affect prevention and control decisions. Certain aspects of

this framework are relevant to the other chapters in this dissertation. Others, such as reductions

in the rate of introduction, are not. While the introduction rate can be observed for an endemic

pest, pathways tend to be natural, and as such planners can only react. Prevention as defined by

Olson and Roy is therefore not possible, and the planner’s decision will be whether to control
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early, to control later, or to adapt to changing realities.

In Chapter 3, we describe management for a variety of invasive species such as the spongy

moth [Epanchin-Niell et al., 2012], emerald ash borer [Yemshanov et al., 2014] and Asian longhorn

beetle [Yemshanov et al., 2017] that are relevant to the specific context of survey resource allo-

cation. I do not repeat this discussion here, and will instead focus on one additional species that

is not covered in Chapter 3: the invasive brown tree snake in Pacific Island ecosystems. This

species is illustrative as it shows the consequences of improper management.

The damages from invasive pests are often severe, and thus planners must determine the

best course of action prior to and after arrival and be ready to act decisively. Invasive brown

tree snakes (B. irregularis), native to tropical Oceania, have caused extensive damage to wildlife

on Pacific Islands. In Burnett et al. [2008], the authors model optimal search-and-eradication

strategies on Oahu, Hawai‘i. Potential damages are inferred from Guam, where a population

introduced in the 1950s has led to the local extinction of birds, power outages, and human injury.

The authors determine the policies which minimize avoidance expenses, eradication costs and

damages. Optimal policies change according to the status of the invasion. Removal only occurs

at the optimum steady state. Below this steady state, only prevention should occur. Brown tree

snakes are modeled with an Allee effect, whereby at least two snakes are required for population

growth. Damages are linear in the number of snakes, whereas marginal removal cost is decreasing

in the number of snakes. A Weibull function is used to model the introduction rate. If the initial

snake population is above the optimal steady state, a majority of it should be removed as quickly

as possible. This is true even for small snake populations (n = 50). Thus, in the case of invasive

species, full eradication is often the optimal policy if feasible. This is not necessarily the case for

endemic pests, which may play an important role in the ecosystem.
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1.2.1.2 Endemic pests

Invasive and endemic irruptive species are distinct insofar as invasive species are exotic

to the regions they infest, whereas endemic irruptive species are native to their ecosystems, and

can often be keystone species whose removal would negatively impact their predators. Irruptive

species can, however, become invasive once they reach ecosystems where they had not previously

become established, and this is likely to increasingly occur across North America as climate

change shifts the weather patterns of woodlands. This is the case for mountain pine beetles,

which have drifted east on winds across the Rocky Mountains and now threaten the Boreal forest

of the Prairies [Safranyik et al., 2010]. It is expected that, depending on habitat connectivity,

MPB could spread to Ontario and Quebec by the end of the 21st century. In contrast, eastern

and western spruce budworms are already present throughout North America, being found in all

ten Canadian provinces as well as Yukon and the Northwest Territories. Nonetheless, changing

climate conditions will increase the suitability of northern forests to budworm, and will thus

increase the population density of larvae in these forests through reduced mortality.

The economics of mountain pine beetles have been studied in multiple ways. Corbett et al.

[2016] use a CGE analysis to determine the effects of the MPB infestation on the economy of

British Columbia. Timber contributes 7.8% to provincial GDP in BC, and directly contributes

0.8% to GDP. The authors find that, at a 4% discount rate, provincial GDP would decrease by

1.34%, or 57.4 billion CAD, in current (2009) terms over the period of 2009 to 2054. By cal-

culating compensating variation, the authors predict that total welfare would decrease by $90

billion over this period. The authors note that carbon considerations are not included in these

calculations. Peter and Bogdanski [2010] consider the economics of salvaging forests harmed by
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mountain pine beetles, and establish the conditions under which salvage of a dead stand is prof-

itable. Whether or not to harvest a stand will depend on the cost to harvest (which depends, for

example, on road access) and on the ability of the stand to regenerate. While some stands will be

profitable to salvage on their own, other motivations such as recreation and fire risk may justify

the salvage of unprofitable stands. The authors emphasize that replanting salvaged areas with

lodgepole pines could potentially set the stage for future MPB pandemics. Replanting decisions

are a key part of any strategy to fight irruptive species, as they will allow forestry managers to

mitigate the damage these species cause in the future. Sims et al. [2010] create a bioeconomic

model to capture the dynamics of mountain pine beetles and the responses of a social planner to

these infestations. This model is then used to compare the outcomes of different management

scenarios. While this bioeconomic model inspires my approach here, one key difference between

the Sims et al. model and the ones I will present is that there are very few effective and economi-

cal pesticide treatments that can combat mountain pine beetles, due to the speed with which they

kill trees. As such, the only option available to many managers is to adapt to the new realities

posed by MPB. In contrast, given that spruce budworm take multiple years to kill their hosts, the

range of options available to managers is greater.

Cone beetles are insects that destroy the seeds of coniferous trees, preventing their repro-

duction. Up to 90% of a seedling crop can be destroyed by these beetles [Kegley, 2006]. Sub-

species include the red pine cone beetle and the white pine cone beetle. While these beetles pose

a threat to forest plantations, control efforts have received very little attention in the literature.

This may be due to the fact that effective controls have been developed, suggested and imple-

mented. Prescribed burns are a popular control method (see Miller [1978], McRae et al. [1994]

and Natural Resources Canada [2013b]). Recently, pheromone traps have also shown promise as
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a control method [Miller, 2007]. Cone beetles were a major problem in Canada in the 1970s and

1980s, but have since become less prevalent as a threat.

Not all endemic irruptive pests are equally destructive. The forest tent caterpillar is the most

significant endemic pest affecting broadleaf forests in Canada [Cooke, 2022]. However, the forest

tent caterpillar is better described as a nuisance than as a threat. Forest tent caterpillars defoliate

trees, but do not cause these trees to die before they can be harvested [Chang et al., 2011]. The

economic literature on forest tent caterpillar is limited, but this gap in the literature is probably

justifiable, given the lower damages caused by forest tent caterpillar relative to invasive species

such as emerald ash borer and Asian longhorn beetles. The entomological literature on forest tent

caterpillars is well-developed, however. Forest tent caterpillars affect trembling aspen forests,

and their cyclic outbreak-and-decline dynamic has a mean period of about ten years [Roland,

1993]. It is known that habitat fragmentation will increase the duration of forest tent caterpillar

outbreaks [Roland, 1993, Roland and Taylor, 1997]. Habitat fragmentation allows forest tent

caterpillars to "escape" from the threats of predators and parasites, since the forest tent caterpillar

is able to disperse across a fragmented landscape more easily than its natural enemies [Cooke,

2022]. Forest fragmentation will disrupt the natural predator-prey relationship that governs the

oscillation of the forest tent caterpillar population. When it comes to the human relationship with

forest tent caterpillars, familiarity breeds contempt: Chang et al. [2011] found that households in

Saskatchewan were willing to pay for forest tent caterpillar control. The nuisance of defoliation

and habitat degradation is enough to make the public willing to treat forest tent caterpillars, even

if there is no specific benefit to the timber industry.

Spruce budworms are, by far, the most economically significant endemic pest in Eastern

Canada [MacLean et al., 2019]. Extensive literature exists on spruce budworm dynamics, impact
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and management, and many such articles are cited in the sections below. Economic impact studies

are much more limited, and what studies exist are primarily cost-benefit analyses (see Huff et al.

[1984], Chang et al. [2012a], Chang et al. [2012b] and Liu et al. [2019]). As budworms are

the focus of this dissertation, these studies are discussed further in subsection 1.5.5, with the

exception of Chang et al. [2011], which was calibrated on both spruce budworms and forest tent

caterpillars and which can be applied to other endemic pests.

Chang et al. [2011] presents a unique approach to estimating endemic pest damages. A

contingent valuation approach is used to determine the willingness-to-pay for future budworm

and forest tent caterpillar outbreak prevention of residents of New Brunswick and Saskatchewan.

Generally speaking, respondents supported efforts to combat endemic forest pests (at a rate of

about 80% in each province). Despite the fact that New Brunswick is more economically de-

pendent on forestry than Saskatchewan, respondents in Saskatchewan had a higher willingness-

to-pay for outbreak prevention ($71.44–$104.48) than in New Brunswick ($59.26–$86.19). This

may be explained by the fact that Saskatchewan has a higher median income than New Brunswick.

In New Brunswick, 23.1% of the value of the willingness-to-pay was for recreation and 39.4%

was for ecological considerations, such that total non-market benefits are $53.87 per household

for the households willing to pay $86.19.

The literature on endemic pests allows us to make a few preliminary determinations about

the optimal policies that managers can employ. First, if pest control is prohibitively expensive

or has a low probability of success, then the best managers can do is adapt harvest schedules to

reduce losses and change stand mixes in restocking plantings to reduce susceptibility. Second, a

pest that is easily countered will become part of normal operating costs rather than overwhelming

management efforts. Third, there is high awareness of endemic pests in affected regions. The
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general public tends to be familiar with these pests and with the effects that they have on the local

economy. As such, active management of endemic pests is likely to have high social acceptability.

1.2.2 Fast and slow processes

Ludwig et al. [1978] developed a mathematical model for insect dynamics that posited the

existence of fast and slow processes, and this analysis was specifically formulated for spruce bud-

worms. This model is cited below, in subsection 1.4.4. Insects have a fast dynamic, while forests

have a slow dynamic. The authors establish a stepwise process. Once fast and slow variables

are established, slow variables are held fixed and the long-term behaviour of fast variables is

analyzed. Equations are scaled to reduce parameters, and parameter values are used to establish

the equilibria for fast variables. The authors describe two stable and one unstable equilibria. The

third step is to hold fast variables fixed and determine the response of slow variables. The fourth

step will be to analyze the long-term behaviour of fast variables given the response from slow

variables. The fifth step is to combine the results and describe the behaviour of the complete sys-

tem. The authors describe transition equations for forests and budworms, as well as the relevant

quantities for these transition equations.

In Ludwig et al. [1979], the authors adapt the Ludwig et al. [1978] model to determine

spatial diffusion. They establish the minimum width of a strip of forest needed to support an

outbreak, as well as the necessary width that a barrier would need in order to prevent outbreaks

from spreading from strip to strip. Unlike in Ludwig et al. [1978], however, the authors do not

consider the dynamics of the slow system, instead holding them fixed.

Vardas and Xepapadeas [2015] consider the generalized problem of renewable resource
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management when the resource regenerates so slowly that parameters such as carrying capacity

are treated as fixed by agents. Time scale separation results in externalities, because manage-

ment rules will be derived from a misspecified function. The authors model biomass as a fast

process and carrying capacity as a slow process. Carrying capacity will slowly change due to

processes such as climate change (exogenous forcing) or industrial pollution. Cooperative and

non-cooperative solutions are explored. Optimal regulation in a non-cooperative context will

maximize discounted aggregate benefits from harvesting activity net of environmental damages.

This will therefore involve optimization with a damage function. Ignoring this damage function

is likely to lead to overharvesting.

It is appropriate to treat budworms as a stock with fast dynamics and trees as a stock with

slow dynamics. Budworm stocks are affected by rapid changes in external conditions, such as

predation and weather. Trees, meanwhile, are affected over a longer horizon, reacting to climatic

shifts and cumulative years of pest pressure. If a hands-off management framework is employed,

budworms can also be considered as a form of exogenous forcing.

1.2.3 The economics of tipping points

A literature has emerged on the economics of fragile ecosystems whose ecological integrity

can be compromised if they cross a threshold. Crépin [2007] discusses the economics of a fishery

in a fragile coral reef, and develops a generalizable framework. The author’s framework uses a

fast and a slow vector, like Ludwig et al. [1978] and Ludwig et al. [1979], in addition to a

perturbation parameter. There are two concave functions, one of which governs the fast vector

and the other which affects the fast and slow vectors. There is additionally a non-concave function
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that governs the effect of changes to the fast and slow vectors on the fast vector. The ecosystem

provides ecosystem and harvest values, which are additively separable. The fast vector can be

affected by the social planner. In Crépin’s model, the fast vector is algae and the slow vector is

coral. These compete for sunlight. Harvesting fish will allow algae to thrive, and harm coral.

There are steady states, which are either equilibria or saddle points. Once a low equilibrium has

been reached, it may take a long time to get back to the high equilibrium again, due to non-

convexities. In some cases, a high equilibrium might not be attainable at all. Crépin finds that,

if the fishery is "optimally" managed from the perspective of fish stocks, but without taking the

coral ecosystem into account, this will make the ecosystem much more vulnerable to passing an

irreversible threshold and ending up in a low equilibrium.

Within a single planning cycle, a vulnerable forest can be analogized to the coral reef.

Tree death is irreversible and inevitable once a certain amount of defoliation has been reached.

Outbreaks of spruce budworm, if not contained, will cause massive tree death across a landscape.

In subsection 1.3.2, I discuss the two dominant theories of spruce budworm outbreaks, which are

the oscillatory theory and the double-equilibrium theory. If the double-equilibrium theory holds,

then a "high" equilibrium in terms of budworms will be the root cause of a "low" equilibrium in

terms of healthy trees, and the analogy to Crépin’s model is even more appropriate.

1.3 The biology of spruce budworms

A generation of spruce budworms lives for a year, from summer to summer, before re-

producing itself. In this section, I discuss characteristics of spruce budworm larvae, dynamics

within a year, dispersal, and dynamics over a medium to long-term outlook. Budworm larvae
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pass through a half-dozen instars before they pupate. Following the pupal stage, they emerge

as moths. Moths then mate and fly, potentially travelling up to 200 km depending on currents.

There are two competing theories on budworm dynamics, and each of these theories has different

implications for management.

1.3.1 The life cycle of spruce budworms

Spruce budworms thrive in the softwood forests of eastern Canada and northern New Eng-

land, where they feed on the nettles of softwoods, preferring spruce and fir. Female and male

moths breed and then fly to new trees to lay eggs on nettles during the summer. These eggs hatch

into larvae in August, and they remain dormant in branches over winter. Caterpillars emerge in

the spring and feed on needles, flowers and buds. Their eating patterns can destroy new shoots

[Balch, 1958]. They pupate for ten to fourteen days in June and July, and emerge as moths

[Talerico, 1983]. Unlike spongy moths, both male and female budworm moths fly, which makes

the use of sex pheromones ineffective to control populations [Régnière et al., 2019].

A generation of spruce budworms lives its entire life from August until July of the following

year, when moths take flight and land on trees, laying the next round of eggs [Talerico, 1983].

Budworms pass through six instars between being laid as eggs and pupation. Eggs, laid in July,

hatch in August, feed, and then form hibernacula as they overwinter. They will emerge from

these shelters as second-instar larvae in April or May. They then molt through four more instar

until they reach their sixth instar, whereupon they consume the greatest percentage of foliage of

any instar. The first five instars will generally eat the nettles and buds of one shoot, while the sixth

instar will eat the foliage of two or more shoots. Finally, in late June or early July, the larvae will
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pupate into moths over 8 to 12 days, emerging and dispersing to other trees [Talerico, 1983].

Due to predation, pests, weather, the natural defenses of trees and competition for re-

sources, the mortality rate among budworms is high, generally being between 95% and 99%.

When mortality is at the higher end of the spectrum, populations are stable and endemic. When

mortality is low, however, populations can irrupt. This will lead to outbreaks which can quickly

spread across the landscape. This is explored in the following subsection. For a treatment pro-

gram to be effective, it must impose additional mortality, which is to say that the mortality it

imposes must mostly kill budworms which would not otherwise have died.

If mortality from treatment is not additive, then the budworms killed by treatment would,

generally, have been the weakest members of the population, who would otherwise have died of

insufficient resources. This is problematic because it means that the remaining budworms face

less competition for resources. The body weight of survivors would be larger, and females would

be more fecund.

In section 1.5, I lay out the history of budworm treatments. Early budworm treatment

programs involved DDT spraying. Besides the environmental issues involved with DDT’s broad

scope, mistimed application led to massive die-off of budworms, followed by a population bounce-

back shortly after die-off.

1.3.2 Two theories of budworm dynamics

Knowledge about SBW dynamics is evolving, and there is uncertainty about how endemic

populations irrupt into outbreaks [Régnière et al., 2019]. Currently, two theories predominate

about how endemic populations become outbreaks. Both originate from the same observations,
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taken in Green River, New Brunswick. The first, known as the double-equilibrium theory, holds

that external shocks cause SBW population levels to irrupt above usual levels. The second, known

as oscillatory theory, holds that a periodic predator-prey relationship governs SBW outbreaks. If

the first theory holds, it is possible to reduce, delay or prevent outbreaks through management of

either the underlying forest or spruce budworm populations. If the second theory holds, the best

forestry managers can hope for is to reduce the scale of damages [Régnière et al., 2019].

The double-equilibrium theory was first developed by authors such as Balch [1958] and

Morris [1963]. This occurred in a context where DDT treatments for budworms were first being

developed, and thus where the results of early spray efforts could be observed. Morris produced

life tables for spruce budworm. These life tables lent themselves to analyses such as Ludwig et al.

[1978], as described in section 1.4. Balch determined that outbreaks occurred after several years

of favorable conditions, could be seeded by moth flights, and were self-sustaining once they had

developed. The Ludwig et al. [1978] model specifically identified the low and high equilibria in

a double-equilibrium model.

The oscillatory theory was developed by Royama [1984] after re-examining Morris’s data.

Royama rejected the theory that egg-carrying moths significantly upset a theoretical endemic

equilibrium. Under the oscillatory theory, budworm dynamics do not have equilibrium condi-

tions. Instead, they feature peaks and troughs where the population process has two components:

a primary oscillation around a main trend, and a secondary fluctuation around this primary os-

cillation. Outbreaks are seeded by the local survival of larvae. At most, a moth invasion will

accelerate an outbreak towards a higher peak (Royama describes such invasions as "fertilizer").

The seeming synchrony of outbreaks across landscapes could then be explained by the fact that

density-independent factors such as weather will be correlated across locations. Therefore, what
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appears to be "spread" is, instead, the simultaneous increase of endemic populations across a

landscape.

The most recent research supports the double-equilibrium theory. Régnière and Nealis

[2019] examined fourteen data sets, including the one used by Royama, and concluded that high

densities were associated with low fecundity and low densities with high fecundity. This implies

that low density plots were migration sinks and high density plots were sources. Régnière and

Nealis reject the Royama hypothesis that migration is a symptom rather than a cause of budworm

outbreaks. They conclude that density-dependent dispersal will offset local population declines,

which will overwhelm small-scale efforts to counter budworms with pesticides. The implication

is that management must be targeted at a landscape scale if they are to be successful.

Despite these findings, there is still controversy concerning which theory is correct [Sturte-

vant et al., 2015]. If, in fact, oscillatory theory is correct, then current early intervention efforts in

New Brunswick are merely correlated with a local trough in budworm populations. This would

imply that future efforts will fail when the underlying outbreak oscillates back towards a peak.

1.3.3 Model: the budworm cycle

All notation in this section is specific to this section, and borrowed from literature sources.

While ecological models can focus on the multiple life stages of budworms in detail, eco-

nomic and policy modeling is easier when the complexities of life stages are distilled down to

single stages. Régnière et al. [2019] describe transitions between egg, larval and adult stages. In

order to get a year-to-year model for larval transitions, I first transcribe the Régnière et al. transi-

tions from one stage to the next, and then simplify these into a single transition equation. These
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equations treat ecological conditions as exogenous, and therefore can provide a good description

of how budworm populations are expected to evolve in the short-term.

Survival from early-instar larvae to emergent adults is given by the ratio S = A/N , which

is the ratio of emerged adult density to larval density. Based on data derived from four datasets

in Gaspésie, Régnière et al. calculate this ratio empirically, fitting it to a Weibull function. This

is given by:

S =
p0 + p0,S

N
(1− exp{[(p1 + p1|2013 + p1|2014 + p1|S + p2|2012 + p2|2013 + p2|2014)N ]p3}) (1.1)

N is the density of early instar larvae from a collected sample, and A is the density of

emerging adults from a pupal sample. The parameters p0 and p0,S are, collectively, the carry-

ing capacity, with p0 being observed across all datasets and p0,S representing additional carrying

capacity in a dataset that was collected by the SOPFIM and not by the authors. The param-

eters p1, p1|2013, p1|2014, p1|S test for differences in slope between datasets, and the parameters

p2|2012, p2|2013, p2|2014 test for the effectiveness of insecticides. The parameter p3 is a shape pa-

rameter.

This empirical formulation is useful when parameterizing a model; parameter values are,

themselves, presented in Régnière et al. [2019]. In general terms, I rewrite equation (1.1) as:

S =
A

N
=

Ā

N
(1− exp{[(α− τ)N ]η}) (1.2)

This equation thus links larval density to adult density. The next step is to determine how
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adults relate to eggs. Régnière et al. write this transition3 as:

log(E) = log(FIAI + FYA) (1.3)

The egg density is given by E, FIAI is eggs per shoot from immigrated moths AI due to

fecundity FI , FY is the fecundity of local adults and A is the density of local adults.

To complete the loop, we need the hatching rate of eggs, which will determine the popula-

tion of larvae in the next period. Régnière et al. calculate this as a simple log-linear relationship4,

given by:

log(N) = β0 + β1 log(E) + ε (1.4)

where ε is an error term, β0 is the intercept and β1 is a coefficient that represents successful

hatch-and-survival.

I rewrite equation (1.2) as A = SN , and use this to rewrite equation (1.3) as log(E) =

log(FIAI + FYA) = log(FIAI + FY SN). Finally, by adding time subscripts, I rewrite equation

(1.4) as:

log(Nt+1) = β0 + β1 log(FIAIt + FY StNt) + εt (1.5)

This gives us a simplified transition equation that can be both calculated empirically and

used in a theoretical formulation.

The survival rate St depends on the carrying capacity of the forest, which is considered in

3This is equation (1) in Régnière et al. [2019].
4This is equation (5) in Régnière et al. [2019].
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section 1.4. As competition for resources increases, the survival rate of larvae to the adult stage

decreases. Insecticide treatment of forest stands will aim to reduce this survival rate.

1.3.4 Parameterization of the budworm cycle model

Parameterization of the budworm cycle is straightforward. Régnière et al. [2019] calculate

values for the parameters in the above model. These parameter values can thus directly inform

our model. Sensitivity analysis in a simulation can then be used to determine how modifications

to the parameters would affect conclusions.

1.4 The ecology of spruce budworms

Spruce budworms are a key part of coniferous North American forests, as they are prey

for birds and invertabrates. In this section, I describe the interactions between budworms, their

forests, and their predators and trace the history of spruce budworm outbreaks across Canada in

the 19th and 20th centuries. I present a basic slow-and-fast process ecological model, adapted

from Ludwig et al. [1978] and Ludwig et al. [1979].

1.4.1 The hosts and predators of spruce budworms

Talerico [1983] provides a summary of spruce budworm predator-prey interactions. As

mentioned in the introduction, eastern spruce budworms prefer balsam fir, white spruce, and

red spruce, and they also eat the nettles of other species such as black spruce, tamarack, eastern

hemlock, and white pine. Eggs tend to be found primarily in the outer perimeter of the tree crown,

but can even be found as deep as the bark. Larvae preferentially feed on staminate flowers. They
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stay in place until all food is consumed, and then move on. Balsam fir are the most vulnerable

hosts, followed by white spruce, red spruce and black spruce. This preference can be explained

by the timing of bud emergence [Greenbank, 1963]. Mature and overmature trees are the most

susceptible to attack [Jennings and Crawford, 1985].

Trees can defend themselves against budworms. Talerico distinguishes between "qualita-

tive" and "quantitative" defenses. Qualitative defenses include alkaloids, terpenes and cyanide,

which is to say the toxins secreted by trees, and quantitative defenses include foliage toughness

as well as tannins. Talerico acknowledges that the distinction is arbitrary (for example, terpenes

may also be "quantitative"), but largely it comes down to between-species variation in the degree

of defense (i.e. species with more qualitative defenses are more resistant than species with fewer

qualitative defenses) versus within-species variation (i.e., for a given species, a tree with more

quantitative defenses will be better protected than a tree with fewer quantitative defenses).

Food abundance is related to individual budworm size as well as to budworm density: as

the food supply in a forest decreases over the course of an outbreak, larvae will be smaller, with

reduced fecundity [Talerico, 1983].

An understanding of the predators of spruce budworms is critical to integrated pest man-

agement [Jennings and Crawford, 1985]. Different life stages face different predators. Eggs are

eaten or are suspected to be eaten by phalangids, mites, spiders, plant bugs, lacewings, beetles,

ants, and possibly birds such as warblers. Mites are particularly voracious, with each mite eat-

ing, on average, 0.68 budworm eggs a day. When budworms are on trees and in a larval stage,

their predators include coccinellid beetles (i.e. ladybugs), squirrels, and birds such as chickadees,

vireos, sparrows, warblers and nuthatches. Small larvae are not generally considered to be de-

sirable food sources for birds. Some larger budworm larvae will drop to the forest floor to avoid
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predators. This is an effective survival tactic, but it still leaves them exposed to ants, spiders,

carabid beetles, and insectivorous mammals such as voles, mice and shrews. Pupae are immobile

and thus susceptible to predation, especially by spruce coneworms, which pupate several days

later than budworms, but also by the other arboreal predators of larvae. When moths take flight,

dragonflies, robber flies, and birds such as kinglets, vireos, warblers and chickadees will prey on

them if they can catch them. Female moths are more vulnerable than males due to their heavier

bodies, egg burden, and less rapid flying. Ovipositing and coital moths are also vulnerable to

predation by arboreal predators.

According to the oscillatory theory, described in subsection 1.3.2, predator success rates

determine budworm outbreaks. The double-equilibrium theory focuses on the importance of

local climatic and forest health conditions, and holds that predators are opportunistic and will

seek other prey when budworm levels fall below outbreak levels. Under the double-equilibrium

theory, which I assume holds throughout these essays, predation is one part of the ecosystem’s

response to fluctuating budworm levels, and a determinant of the within-stand larval survival rate

and of the reproduction success rate for adults. It is not, however, the main driver of outbreaks.

1.4.2 Timeline of spruce budworm outbreaks

Spruce budworm outbreaks occur over several generations, and multiple years of sustained

defoliation are required before trees die. Since budworm prefer to eat new foliage rather than

old foliage, old foliage will be preserved in the early stages of an attack, which prevents tree

asphyxiation. The amount of time required for a stand to experience massive death will depend on

stand composition: balsam fir die after 4 to 7 years of defoliation, depending on local conditions,
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while white and red spruce require one more year to die than balsam. Black spruce tend not to

die until outbreaks are severe and sustained [Talerico, 1983]. Outbreaks tend to begin in stands

where there is an abundant supply of food.

Over the course of the 20th century, the duration of outbreaks was inversely related to their

severity [Navarro et al., 2018]. Once an outbreak is ubiquitous across a landscape and defoliation

has become widespread, collapse will eventually occur due to disease, starvation and emigration

[Régnière et al., 2019]. It stands to reason that an outbreak that exhausts its available resources

faster will also collapse faster. As discussed in subsection 1.4.3, outbreaks have historically

tended to last 30 to 40 years [Sturtevant et al., 2015]. The severe outbreak of 1968-1988 identified

by Navarro et al. [2018] was therefore significantly shorter than a typical outbreak.

Because defoliation takes several years to become severe, because several years of cu-

mulative defoliation are required before death occurs, and because standing dead trees can be

harvested for timber [Liu et al., 2019], the effects of a spruce budworm outbreak on stand yield

will be delayed. Chang et al. [2012b] described a theoretical moderate or severe outbreak in 2012

as having effects that begin to be felt in 2017, and have a maximum harvest impact from 2027 to

2031. This provides different options for SBW treatment: a forest stand can be saved by aerial

spraying of Btk and tebufenozide after it experiences defoliation, but by this point the infestation

will have spread to adjacent stands. For defoliation to be visible through aerial surveys, outbreaks

will have reached sufficient density to spread to neighboring stands: once a defoliation thresh-

old of 25% has been reached in trees, budworms tend to disperse due to competition for food

[Régnière et al., 2019].

The least understood phase of budworm outbreaks is, paradoxically, the most interesting

and important phase. There is very little knowledge about the early dynamics of budworms, and
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comparatively more knowledge about late-stage dynamics [Régnière et al., 2019]. Modeling the

early dynamics of spruce budworms has proven to be the most challenging part of this disser-

tation. Chapter 3 provides some attempts to model early dynamics. Sensitivity analysis will

account for uncertainty.

Early detection requires intensive, on-the-ground monitoring. Whether it is even feasible

will depend on the density of road networks and the availability of resources, and whether it is

worth pursuing will further then depend on economic, social, political and ecological consid-

erations pertaining to the stand. Early detection is a pre-requisite for any intervention strategy

that could prevent large-scale outbreaks. The question of how to optimally manage outbreaks is

explored in subsection 1.5.2.

1.4.3 A history of Canadian spruce budworm outbreaks

Knowledge of spruce budworm behavior in New Brunswick dates back to the 1770s [Mor-

ris, 1963], and the dendrochronology of budworm habitats in Quebec has been reconstructed to

about 3000 BCE [Morin et al., 2007]. Fossilized droppings from spruce budworms allow a much

longer timeline: fossils have been discovered in Saguenay bogs dating back to 6000 BCE. The

habitats of spruce budworms are relatively young: the spruce-fir forests of Quebec date to about

11,000 years ago, when glaciers retreated at the end of the last great Ice Age.

The first European settlement of what is now Quebec dates to the early 17th century, and

European migration became sustained by the middle of the 17th century5. The intensive, indus-

trialized management and replanting of forests that has occurred since European settlement has

5While Morin et al. characterize the pre-settlement forest as "virgin" (see Fig. 1 in their paper), this could be
seen as an ahistorical characterization [McCann, 1999].
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led to larger and more intense outbreaks. Three large, well-documented outbreaks occurred over

the course of the 20th century: from 1905 to 1930, from 1935 to 1964, and from 1968 to 1988

[Navarro et al., 2018]. The third of these outbreaks was the most severe. These periods cover

the occurrence of outbreaks over the entire Canadian landscape, as reconstructed through den-

drochronology: in New Brunswick, for example, the worst of the first two outbreaks occurred

from 1912 to 1920 [Balch, 1958] and from 1947 to 1958 [Royama, 1984], while the worst years

for defoliation in New Brunswick during the most recent outbreak were 1975 and 1983 [Chang

et al., 2012a]. There is uncertainty about the effects of climate change will have on the length

of time between future outbreaks, and it is thus possible that the interval between outbreaks will

shorten.

At their maximum extents, the eastern spruce budworm outbreaks of the 20th century led to

annual defoliation totalling 11, 25 and 58 million hectares, successively. During the 1970s-1980s

outbreak, the government of New Brunswick spent $100 million on forest protection programs

and established the most extensive aerial spraying program in the world [Chang et al., 2012a].

This same outbreak affected about 50% of the forested land of Quebec [Navarro et al., 2018]. The

extent of budworms is limited by geography, both to the North and South, and the availability of

food. It is expected that climate change will cause the range of budworms to shift north.

1.4.4 Model: interactions between budworms and forests

As with subsection 1.3.3, all notation is specific to this subsection.

A good model for the interaction between budworms and forests is described in the fast-

and-slow model presented in Ludwig et al. [1978]. Spread dynamics are well described by Lud-
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wig et al. [1979]. I therefore combine the two to present a model for budworm-forest interactions

in continuous time.

Ludwig et al. [1978] captures budworm population density as a function of the forest’s

carrying capacity and predation. Larval density is given by B, which transitions in continuous

time. Ludwig et al. present6 this as:

dB

dt
= rBB(1− B

KB

)− β
B2

α2 +B2
(1.6)

such that rB is a linear growth parameter representing the growth rate of budworms, KB is

the carrying capacity of the forest, and the term β B2

α2+B2 represents predation by vertebrates (i.e.

birds), where β is a habitat factor and α is a scale factor that determines the saturation of SBW.

This growth rate does not take treatment or diffusion into account. In a steady state, dB
dt

= 0.

Note that the term KB is here held fixed, but will vary according to the slow dynamics of the

forest.

The rate of change dB
dt

is a "fast" process. Predation by vertebrates can vary much more

rapidly than foliage can replace itself, and as such disturbances to the predation parameter will

cause rapid changes to the growth rate of budworms. It is worth noting that this notation implies

a continuous process, such that it needs to be adapted for use in a discrete time context. This is

straightforward and omitted here.

Equilibria will exist when equation (1.6) is equal to zero. This will occur when rBB(1 −

B
KB

) = β B2

α2+B2 . As noted by Ludwig et al. [1978], one such value occurs for B = 0. Since

rBB(1 − B
KB

) is linear and β B2

α2+B2 is quadratic, there are up to three other potential roots, de-

6This is equation (3) in Ludwig et al. [1978].
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pending on the values of the parameters. Ludwig et al. rewrite7 equation (1.6) as:

R(1− µ

Q
) =

µ

1 + µ2
(1.7)

when at equilibrium, where R = αrB
β

, Q = KB

α
and µ = B

α
. The left hand side is the growth

rate of µ and the right hand side is the death rate of µ, where µ is the scaled density of budworms.

The slow state variable, S, is the total surface area of branches in a stand. It is bounded by

upper limit KS . The health of trees and foliage is summarized in variable E, bounded by upper

limit KE . The transition equation for S is given8 by:

dS

dt
= rSS[1− (

S

KS

× KE

E
)] (1.8)

where rS is the intrinsic branch growth rate. Two equilibria exist: S = 0 and S = KS

KE
E.

Note that due to the sign on S
KS

KE

E
, increases in E and decreases in S will both lead to increases

in dS
dt

.

The transition equation for the health of forests9 follows:

dE

dt
= rEE(1− E

KE

)− P (
B

S
) (1.9)

where P is the rate of energy consumption by budworms. Increases in the density of bud-

worms will cause declines in E, and thus declines in dS
dt

. Ludwig et al. demonstrate numerically

that S is a slow process, approaching its maximum over a 30 year period, whereas B can grow

rapidly from a low initial equilibrium. Once a critical threshold for budworm density is reached,

7This is equation (9) in Ludwig et al. [1978].
8This is equation (21) in Ludwig et al. [1978].
9This is equation (22) in Ludwig et al. [1978].
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S collapses rapidly to near-zero levels.

The carrying capacity of budworms per acre, KB, relates to the per-branch carrying capac-

ity, K ′ (which is an estimated parameter), the available foliage, S, the health of forests E, and

the threshold for health, TE . Ludwig et al. write this relationship10 as:

KB = K ′S
E2

T 2
E + E2

(1.10)

For large values of E relative to TE , this is approximated by KB = K ′S.

Ludwig et al. [1979] consider a spatial application of the budworm model. They rewrite

function (1.6) in one-dimensional space11 as:

dB

dt
=

σ2

2

∂2B

∂X2
+ rBB(1− B

KB

)− β
B2

α2 +B2
(1.11)

Here, σ2 is the variance of diffusion and X is a rectangular co-ordinate. With equation

(1.11), the "fast" process in the Ludwig et al. [1978] model becomes diffusive, while the "slow"

process remains spatially fixed, and affected by a diffusive stock. As the term σ2

2
∂2B
∂X2 increases due

to increasing spread of budworms from infested to uninfested forests, slow stocks will collapse

across the landscape.

1.4.5 Parameterization of the interaction model

Ludwig et al. [1978] provide empirical parameter estimates for each value in their model.

Additionally, growth functions for different species of trees, based on site indices, are calculated

10This is equation (20) in Ludwig et al. [1978].
11This is equation (6.1) in Ludwig et al. [1979].
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in Carmean and Hahn [1981]. It is therefore possible to calculate the expected height and surface

area of a tree depending on local conditions, in the absence of pests, and then to estimate how the

above model would predict damages to these trees. We use a similar parameterization method

in Chapter 2 when building our growth-impact model, with some changes based on the specific

objectives of that chapter.

1.5 Managing budworm outbreaks

Budworm outbreaks can be managed through treatment, and different treatment options

exist for managers. In this section, I discuss the economics of spruce budworm outbreaks and

control, the history of budworm management, and the three available treatment strategies.

Careful budworm management can significantly reduce the costs associated with a bud-

worm outbreak. The death of trees occurs after several years of cumulative defoliation. Depend-

ing on objectives, this gives managers time to act: even after defoliation occurs, trees can be saved

or have their deaths delayed for several years. However, outbreak extents cannot be reduced once

they have spread across the landscape.

1.5.1 A history of spruce budworm management in Canada

In the early 20th century, when forest resources in New Brunswick were more abundant

and the pulp and paper industry was in its infancy, insect outbreaks were tolerable. By the 1940s,

depleting forest resources meant that forest stocks had to be carefully managed in a sustainable

way. Following the Second World War, decommissioned military bombers and commercially-

available pesticides made insect population pulverization feasible [Kettela, 1975]. Ontario first
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sprayed its forests in the 1940s, while New Brunswick launched its first widespread spray pro-

gram in 1952. These programs used DDT. While they were successful in destroying budworm

populations, compensation limited the ability of these spray programs to protect foliage. Further-

more, DDT is not a specific pesticide, and the ecological costs were thus not acceptable. The

timing of treatments was fine-tuned from 1953 onward, and the nerve agent fenitrothion replaced

DDT starting in 1968, as it showed similar effectiveness for budworms and less adverse effects

on other fauna [Kettela, 1975].

Technology, techniques and chemical agents all improved through practice and research.

The bacterial agent Bacillus thuringiensis var. Kurstaki (Btk) was first tested against SBW in

1960. By 1985, better varieties such as the isolate HD-1, better standardization of measurements

and improved spray techniques meant that Btk had become widely used to kill spruce budworm

larvae [von Frankenhuyzen, 1995]. Btk disrupts the feeding of SBW larvae, causing them to

starve to death. Mortality is high but not total. Btk only affects lepidoptera, and therefore will not

kill other forest insects. Thus, Btk has minimal ecological drawbacks. Tebufenozide (RH5992),

which is similarly ecologically benign, began being used against spruce budworms in the late

1990s, after field trials in a balsam fir forest near Longlac, Ontario in 1993. It causes early

moulting and thus interferes with budworm growth. It is harmless to Coleoptera, Orthoptera or

Heteroptera but harmful to Lepidoptera [Cadogan et al., 1997]. In the Longlac study by Cadogan

et al. [1997], mortality without treatment was about 67.5% on average with high variance. De-

pending on treatment, tebufenozide increased mortality to as high as 94%. Defoliation dropped

from 61.6% to 6%. Surviving larvae had less body mass, such that the quality of moths would

be lower. Further studies by Doucet et al. [2007] showed that early instar moulting could also be

disrupted. Modern budworm spraying involves a mix of Btk and tebufenozide.
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Moth spraying using phosphamidon was attempted in New Brunswick by Forest Protection

Limited [Kettela, 1995]. This program was unsuccessful, since they did not limit egg deposition.

Fortunately, these trials also yielded important insights into moth dispersal patterns. It is now

understood that sea breezes concentrate moth flights, carrying them inland. Since these trials were

unsuccessful, all budworm treatment programs currently in practice focus on larval budworms,

not adults.

Budworm control has grown significantly more efficient and effective over the last few

decades, due to focused research and technological innovation. Nonetheless, knowledge about

how best to protect forests against spruce budworm defoliation is still evolving, and there is

controversy about the degree to which forests can even be protected. This is discussed in the

following subsection.

1.5.2 Early intervention or foliage protection?

If a forestry manager chooses to actively protect a forest from spruce budworm, two strate-

gies can be employed. Traditional spruce budworm management involves foliage protection,

whereas newer techniques have focused on early intervention.

Foliage Protection (FP) is a reactive strategy that involves spraying forests after defoliation

occurs. Under FP, managers aerially spray affected blocks at regular intervals, based on available

resources, in order to prevent tree death due to defoliation. Ideally, enough foliage should be

preserved that trees will survive until shortly before their harvest, minimizing losses from rot.

Some defoliation on treated trees is acceptable. For example, Chang et al. [2012a] describe a

foliage protection program that reduces defoliation from 70% to less than 40%. This will reduce
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the observed tree death across the landscape and thus limit damages.

A foliage protection strategy will not necessarily treat all defoliated populations. Rather, it

will treat heavily impacted stands, based on prioritization criteria. Kettela [1975] describes these

criteria. A map is made of the trees most likely to suffer tree mortality. Hazard factors include

current defoliation, cumulative defoliation, tree vigor and expected budworm density, and areas

with similar risk are delineated. This map is then used to plan spray operations. The economic

value of stands is considered, since less accessible or less valuable trees might not be worth

the expenditure of treatment efforts. Furthermore, linear spray tracts constrain the geometry of

operations. Some tree death is thus accepted as part of foliage protection. For example, an FP

program in New Brunswick might focus on protecting up to 50% of forested land from budworms

[Chang et al., 2012a]. On-the-ground monitoring is used to complement protective efforts and

guide decision-making, both in the current year and for the next. Foliage protection will slow the

spread of infestations, since suppressed populations will be smaller and will feature physically

weaker moths.

In contrast to FP, the Early Intervention Strategy (EIS) is a proactive strategy. EIS was

developed for use in New Brunswick, and has been applied in other Maritime provinces. It

involves proactive, on-the-ground monitoring of spruce budworm populations in order to detect

increases in growth rates. Once budworm density (which can be defined per shoot or per branch)

exceeds the irruption threshold, managers following an EIS strategy will spray the plot until

populations fall back down below the threshold, preferably to a level where depensatory pressure

will cause budworm density to fall back to endemic levels. While some defoliation can occur,

it must be minimal enough that growth loss does not occur [Liu et al., 2019]. As examined in

subsection 1.5.5, EIS has been shown to better protect the economic value of New Brunswick
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forests than FP. A prescription of EIS to the entirety of Canada is not appropriate, however, and

any endorsement of EIS due to theoretical optimization must therefore be qualified.

As mentioned in subsection 1.3.2, there are two competing theories for budworm dynam-

ics: the double-equilibrium theory and the oscillatory theory. EIS assumes that the double-

equilibrium theory is true [Johns et al., 2019]. If it is not true, then EIS efforts will ultimately

fail, because suppression of the budworm population in an apparent "hot spot" will not affect the

progression of the actual outbreak. FP, meanwhile, is agnostic as to the cause of outbreaks, and

its success does not depend on the validity of either theory. While recent evidence has suggested

that the double-equilibrium theory is in fact true [Régnière et al., 2019], this does not make EIS

feasible in all contexts. Intensive on-the-ground monitoring (mainly through branch sampling,

with potential contributions from sticky traps and citizen science) is required for EIS success. EIS

must also be applied across a wide landscape, because hotspots would otherwise go undetected,

leading to irruption of budworms and program failure. Efforts in New Brunswick are imple-

mented at a provincial level, with buy-in from private landowners. New Brunswick is a relatively

small province that is crisscrossed by roads, with population centres being located throughout

the province. In contrast, Quebec is a large province whose population is heavily concentrated

in the St. Lawrence Valley. While some forested regions of Quebec resemble New Brunswick in

terms of demography, others are remote and have sparse road access. This will increase the cost

of running an EIS program and reduce the benefits of such a program, since the cost of logging

road construction must be incorporated into any calculation of economic benefits.
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1.5.3 The importance of additionality in budworm treatments

Budworms suffer from high natural mortality, generally on the order of 90% for the larval

stage [Carleton et al., 2019]12. Part of this mortality consists of competition for resources. Effec-

tive treatment cause additional mortality to budworms: if mortality in the absence of treatment

would be on the order of 95%, for example, and the necessary mortality to avoid damages is on

the order of 99%, then treatments must cause that additional 4% of mortality. Timing is abso-

lutely critical. If treatments are applied too early, they will kill the weakest budworms, reducing

resource competition for survivors. The result will be that the surviving adults will be larger and

more fecund. As is explored above in subsection 1.5.1, this was the precise problem which sank

early management efforts in the 1950s.

In Quebec, the effectiveness of a spray program at imposing additional mortality is imputed

[SOPFIM, 2022]. Samples of late-instar larvae are taken from scheduled treatment blocks prior

to a treatment operations. Treated and untreated stands are sampled. Defoliation is then observed

at the end of the treatment season. The reduction of defoliation relative to model predictions and

relative to control plots can therefore be attributed to treatments. From this attributed reduction,

one can then impute additional mortality. This is done in Chapter 2.

1.5.4 Sampling and monitoring spruce budworm populations

Whether an early intervention or foliage protection strategy is employed, the evolution

of spruce budworm stocks are tracked through spruce budworm sampling [Johns et al., 2019].

Sampling programs are more intensive under EIS than FP, because the purpose of sampling is

12Much of the information in this subsection was shared with me through personal correspondence with a manager
of New Brunswick’s EIS program, Drew Carleton.
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different. A foliage protection program will sample budworms to determine priority treatment

blocks that would otherwise suffer heavy damages [SOPFIM, 2022], while an early intervention

strategy will try and locate hotspots where budworm populations are rising [MacLean et al.,

2019]. EIS sampling will usually occur in two waves. The first wave will seek out hotspots,

while the second wave will delimit the shape of hotspots. There are several factors that explain

why Quebec forestry planners have chosen to continue with FP instead of switching to EIS, but

the logistics of sampling are one of the main reasons explaining this choice. Put simply, it is

easier and cheaper to sample spruce budworm populations in New Brunswick or Nova Scotia

than in Quebec13. The Maritime provinces have a high density of roads through forests. Crews

can therefore reach sampling plots within a forest more easily. A high density of sample plots is

required for EIS operational success [Carleton et al., 2019].

Sampling occurs during the fall and winter on the second instar of spruce budworm larvae

(L2 in literature). The length of branch to be sampled has varied over time [Allen et al., 1984,

Régnière and Sanders, 2022]. Current practice consists of taking one 75 cm branch sample from

three different balsam fir or spruce trees [MacLean et al., 2019]. The average density among

these three branches will determine the spruce budworm L2 population density at the sample

point. Under EIS, a density of 7 L2/branch or higher will be enough to trigger control efforts

[Johns et al., 2019].

L2 sampling should not be confused with the pre-spray sampling efforts deployed under

foliage protection. These efforts are used to determine the efficacy rather than the location of

treatments, and they involve taking a 45 cm branch tip sample to determine the density of feeding

instars [SOPFIM, 2022].
13These observations were shared with me by forestry managers from both Quebec and Brunswick.
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1.5.5 The economics of spruce budworm control

The economic consequences of spruce budworms manifest through timber losses, recre-

ation losses and losses of ecological services. Outbreaks lead to reduced growth rates of trees

and losses in the forest products sector. In regions where the forestry sector is an important em-

ployer, losses in the forestry sector can significantly impact other sectors due to multiplier effects

[Chang et al., 2012b].

As mentioned earlier, the economic literature on spruce budworms is relatively sparse. Four

relevant examples are Huff et al. [1984], Chang et al. [2012a], Chang et al. [2012b] and Liu et al.

[2019]. These are reviewed in this subsection.

Huff et al. [1984] project the effects of spruce budworm outbreaks on the economy of

Michigan, Minnesota and Wisconsin, where spruce-fir represented 6% of commercial forest land

in the northern section of these states and where 75% of the growing stock was in mature or

overmature stands. A static economic model was used to determine the market for spruce-fir

resources from the Lake States prior to an outbreak, including responses to decreases in stumpage

volume or increases in owner reservation prices. To determine short-run and long-run impacts

and responses from an outbreak, the authors use a comparative static model. In the short-run,

stumpage owners suffer revenue losses due to excess supply. Demand is not affected, although the

quantity demanded will respond to the decrease in price. In the long-run, prices would increase

due to shifts away from spruce-fir in favor of more resilient species. Active protection is not

considered in the paper.

Chang et al. [2012a] consider both the market and non-market values of responding to

future SBW outbreaks, although they only use foliage protection as the early intervention strategy
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had not been fully developed at the time of their article’s publication. Market values are calculated

using a timber supply model to determine future timber supply under different scenarios, and non-

market benefits are calculated using contingent valuation. Six scenarios are studied: budworm

outbreaks can be moderate or severe, and the government chooses to protect 10%, 20% or 40% of

the susceptible Crown forest. Two criteria were used: benefit-cost ratio and net present value. The

findings were not identical: protecting 10% of the forest was judged to have the highest benefit-

cost ratio under moderate and severe outbreaks, while protecting 20% of the forest yielded the

highest net present value during a severe outbreak. The costs and benefits, at a provincial scale,

are listed separately for 10%, 20% and 40% protection levels. The authors adapt the Canadian

Forest Service’s Decision Support System to re-optimize harvest schedules, account for salvage

harvesting, and incorporate species-specific defoliation. Contingent valuation was derived from

the 2007 mailed survey in New Brunswick, that was described in Chang et al. [2011] (reviewed in

subsection 1.2.1.2). Notably, the authors find that maximal foliage protection, which has tended

to be New Brunswick’s strategy, is a sub-optimal policy. Foliage protection should therefore be

more targeted.

Chang et al. [2012b] build on Chang et al. [2012a], but focus primarily on the effects of

spruce budworm on the general New Brunswick economy, which they model as a small open

economy, and on the sustainability of the New Brunswick forestry sector. Five-year annual aver-

ages for sawlog, pulpwood and combined stumpage are calculated for periods from 2012-16 to

2037-41, and dollar losses under 0%, 10%, 20% and 40% protection scenarios are determined for

moderate and severe outbreaks. Using data from Statistics Canada surveys, impacts on the out-

put, trade, returns on labor and returns on capital are calculated for forestry and logging, as well

as for crop and animal production, fishing, hunting and trapping, support activities for forestry,
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mining, oil and gas, utilities, manufacturing, transportation and warehousing, and for the remain-

der of the economy. The authors are therefore able to demonstrate that the effects of a downturn

in forestry due to spruce budworm will have ripple effects on the New Brunswick economy, with

the effects on mining, oil and gas and on manufacturing being greater than the effects on forestry.

The rest of the economy, which consists of the sectors not explicitly named, will absorb some of

the downturn from the forestry sector, but not to a sufficient degree to prevent the overall effects

on the economy from being negative.

Liu et al. [2019] use a computable general equilibrium model, with producers, households

and the government as economic agents, to compare the impacts of EIS, FP and do-nothing

strategies in New Brunswick, under different assumptions of SBW intensity. This economic

model focuses on the regional economic effects in New Brunswick, and the biological portion

uses past budworm outbreaks and results from ongoing EIS trials, with sensitivity analysis. The

study does not investigate the consequences of EIS in different institutional contexts. Similar to

Chang et al. [2012a], the authors look at the effects of 5%, 10% and 20% foliage protection, which

they contrast with a do-nothing approach and with EIS, under both moderate and severe outbreak

scenarios. Dispersal is implicit, and not mentioned in the text. Costs and benefits of each strategy

under moderate and severe scenarios are calculated at a province-wide level, and then simplified

to a net benefit criterion. The cost of EIS, which does not vary based on scenario or success rate, is

about equivalent to the cost of protecting 10% of the forest through FP under a moderate outbreak,

and about half the cost of protecting 20% of the forest under a moderate outbreak. Sensitivity

analysis was used to determine the impact of a partially-successful EIS strategy. The authors find

that no protection would lead to timber losses worth between $178 and $273 million in NPV over

50 years, and that foliage protection would save between $124 and $188 million of timber value
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in the forest over the same interval. EIS, if fully effective, would save the entire value at risk of the

forest. The economy-wide implications of an uncontrolled outbreak were $24.6 to $35.3 billion

over 50 years (NPV), and foliage protection would protect between $19.6 and $27.8 billion of

this value at risk. Non-market values are calculated using household willingness-to-pay for a

prevented outbreak. Ultimately, the authors find that, at 100%, 90% and 80% effectiveness, EIS

has higher NPV under both moderate and severe scenarios than any intensity of FP, while having

lower costs than 10% and 20% foliage protection. This represents a static evaluation, which is

to say that the evaluation is done prior to the application of a program, with no possibility of

updating strategies during the outbreak14. Furthermore, it assumes that EIS and FP strategies are

at least partially successful.

Computable General Equilibrium (CGE) approaches are highly relevant for provinces such

as New Brunswick where the economy is resource-dependent, with relatively fewer service sector

or heavy manufacturing jobs than in Quebec or Ontario. These papers have convincingly argued

for active management of spruce budworms, and Liu et al. in particular have provided a strong

justification for New Brunswick’s ongoing early intervention program. Our approaches differ in

two ways. First, whereas the existing spruce budworm economic studies could be described as

macroeconomic, ours are better described as microeconomic. To the best of our ability, we are

modeling the individual decisions made by planners and determining optimal courses of action.

Second, our theoretical approach allows for flexibility. While existing studies concentrate on the

feasibility and benefits of certain regimes in given provinces, ours will allow for the description

of the conditions that favor specific approaches. This tool could therefore be applied to regions

14It is worth noting that this represents an assumption, rather than an oversight, on the part of the authors. Earlier
work considers the possibility of switching, but in this case the authors assume at least 80% success for EIS with no
need to deviate, due to the success of early trials.
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within provinces, where conditions may differ from those found elsewhere. Notably, I am inter-

ested in the possibility that the approaches used in New Brunswick may be more appropriate to

the context of southeastern Quebec than the approaches used in north-central Quebec. While the

question of optimal policy boundaries is complex and likely beyond the scope of this dissertation,

my hope is that these chapters will provide an early foundation for such work.

1.5.6 Model: valuation of forests

In this subsection, I present a model for forest values. This model does not consider or

propose management options. Rather, it is a tool which managers can use when planning surveil-

lance and protection operations. It is the building block of a Decision Support System: stands

can be prioritized based on their value. Stands are parts of forests. Forests belong to a region.

Stands are indexed j ∈ {1, Jm} in forest m ∈ {1,M}. As is the case with the other two models

presented in this chapter, all notation is specific to this subsection.

A tree stand derives its harvest value from four factors: the market value of wood products

p, the species mix of the trees in the stand s, the ease of access to the trees x, and the quality

of the wood q. Forests are composed of stands, with each stand being defined as a grouping of

geographically connected trees with a homogeneous mix of species. The first three factors are

considered fixed in time, while the fourth, wood quality, depends on the status of an infestation.

Firms are price takers. The market value of wood products is exogenous to the harvest

decisions of the firm. Firms will harvest trees if it is optimal for them to do so. They will realize

losses in the present if this can prevent greater losses in the future. Firms also cannot influence an

outbreak status. Wood quality depends on tree health, which depends on the degree of defoliation.
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The harvest value of a stand is given by:

V h
j = p× f(xm)× g(sj)× qj (1.12)

This is to say that it is a linear product of functions of the four factors. Price, which does

not vary based on stand, is constant and directly influences stand value. Quality is discrete,

with at least two quality classes (high and low, plus potentially others based on degree of wood

degradation), varies based on stand, and will be correlated across stands j within the same forest

m. Species mix consists of a series of discrete classes, which will each have a different associated

value of g(sj). As such, g(sj) is best understood as a piecewise function. The function f(xm)

is continuous and will vary at the forest level. It is increasing at a decreasing rate as the ease of

access xm increases, such that f ′(xm) > 0 and f ′′(xm) < 0.

The non-harvest value of a stand depends on aesthetic and climate value. It is, crudely, a

function of forest health and ease of access, increasing in each, as well as of the discrete species

classes. Non-harvest value is given by:

V n
j = k(xm, sj, qj) (1.13)

The total value of a stand is the non-harvest value of the stand, until the time period in

which it is harvested, plus the harvest value of a stand. With a discount factor δ and time of

harvest th, the total value of the stand is given by:

Vj =
th−1∑
t=0

δtV n
j + δt

h

V h
j (1.14)
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The value of a forest is then given by:

Vm =
Jm∑
j=1

Vj (1.15)

1.5.7 Parameterization of the forest valuation model

How the forest value model is parameterized will be context-specific, based on the quality

of forest inventories, whether land is primarily privately or publicly owned, and whether or not

timber sales or auction results are regularly published by a governing body. In Quebec, the above

model can be parameterized using data from public sources. Notably, the harvest value of trees,

based on different species compositions and states of health, are available from provincial sources

such as the Bureau de mises en Marché des bois du Québec [BMMB, 2013]. Road networks are

available from Statistics Canada [2017]. Tree stand compositions are available from various tree

inventories, such as the one published by the Ministère des Ressources naturelles et des Forêts

(formerly the Ministère des Forêts, de la Faune et des Parcs du Québec or MFFP) [MRNF, 2017].

Tree health status is available from the MRNF’s aerial surveys of tree disturbances [MRNF,

2013].

1.6 Discussion

Despite their widespread economic impact, spruce budworms have received comparatively

little study in economics literature. Most academic literature on spruce budworms has focused

on their biology or ecology. Economic studies of spruce budworms tend to focus on economic

impact, using CGE models. My goal in this dissertation is to present a holistic economic con-
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sideration of the spruce budworm management problem, and thus of endemic pest management

problems more generally. In order to fill in the gaps caused by a lack of prior economic con-

sideration, I draw on literature from the economics of invasive species management. Certain

assumptions from this literature must be modified: for example, endemic forest pests do not have

a single introduction event, such that pre-border control is impossible, and eradication of the

endemic pest is not a desirable outcome.

The literature and models presented in this chapter will form the background elements

of examinations of specific problems in spruce budworm management. In this dissertation, I

present an intertemporal model for the management of forest stocks when faced with an endemic,

irruptive pest in Chapter 2, and a model for optimal management of budworm populations through

surveillance in Chapter 3.
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Chapter 2: Optimal Management of an Endemic Irruptive Forest Pest (with.

Prof. Lars J. Olson)

2.1 Introduction

Endemic irruptive forest pest management shares many similarities with the management

of invasive forest pests, despite the fact that endemic species are, by definition, not introduced

into ecosystems. One key difference is that, at low levels, endemic species cause minimal harms

to the forest ecosystems they inhabit, such that eradication is not a desirable goal. Ecological and

economic harms occur when endemic species irrupt across a landscape, with population densities

rising to levels where they cause trees to die. At a sufficiently advanced stage of outbreak, this tree

death will occur so quickly that salvage efforts will be unable to recover significant proportions

of the value of dead forest stock. Thus, species density is critically important when managing

endemic pest outbreaks.

In this chapter, we describe a model for an endemic forest pest that is experiencing an active

outbreak. Control measures are applied to reduce growth and damages, while harvests reduce the

forest biomass, reducing the available hosts for the pest. Our model is calibrated for and applied

to spruce budworms, but can be extended to other forest pests. Preliminary parameters are set

such that total eradication of the pest is not possible. This is done to reflect the fact that a
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low budworm population will remain in the landscape even if control efforts fully suppress the

outbreak. Control functions by imposing additional mortality, which will reduce feeding success,

breeding success and thus intergenerational survival.

Our model makes a number of simplifying assumptions. First, dead trees are removed from

the biomass stock instantly, rather than rotting at a set rate. Second, monitoring and measurement

are not required in order to estimate the proportion of pests in the stand. Third, there is no

uncertainty in the success of treatments in reducing the population density of pests. Fourth, we

do not consider the case of mixed softwood and hardwood stands, which may lead to more sparse

food and less reproductive success, resulting in a higher degree of protection for the softwood

trees therein.

This chapter proceeds as follows. Section 2.2 provides a brief description of the current

state of spruce budworm management practices in eastern Canada, section 2.3 outlines the gen-

eral model, and section 2.4 discusses the empirical strategy and the available data. Section 2.5

presents the results of the baseline model and sensitivity analysis, which are discussed in section

2.6. The model draws upon priors established in Chapter 1, but is stylized to maintain tractability.

For the sake of consistency, all units used in this chapter must be converted to metric.

Older literature uses imperial units, and we will note measurements in both imperial and their

approximate metric conversions. For example, acres are converted to hectares by division by a

factor of 2.471.

48



2.1.1 Motivation

When a forest is undergoing a spruce budworm infestation, forestry planners must make

monitoring, treatment and harvest decisions. This chapter examines treatment and harvest. These

two decisions are linked: if a forest is a commercial plantation rather than a park or ecological

preserve, the wood in this forest will eventually be harvested when it meets economic and eco-

logical criteria for harvest. If budworm treatment is reactive rather than proactive, its primary

purpose will be to prevent or delay tree death until harvests can occur.

2.2 An overview of current management practices

As discussed in Chapter 1, budworm management can take a few different forms. Spray

management involves either early intervention, where trees are sprayed before defoliation be-

comes ubiquitous, or foliage protection, where defoliated trees are treated to prevent further

defoliation. Another option is to avoid spray treatments and to re-optimize harvest schedules

given predicted defoliation and mortality. The final option is to do nothing, and treat budworm

outbreaks as stochastic and exogenous.

Canada’s Atlantic provinces employ early intervention strategies, with the notable excep-

tion of Gros Morne National Park in northwestern Newfoundland. This federally-administered

park does not have harvested timber, and outbreaks are not sprayed within the park. As such, it

essentially features a do-nothing strategy. In Quebec, most administrative regions are managed

under a foliage protection strategy. One notable exception is in the Abitibi-Témiscamingue re-

gion of northwestern Quebec, where a lack of suitable aircraft, lower harvest values and low road

density have led provincial managers to limit spray efforts and focus more on salvage harvest
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incentives.

Conversations with forest managers in New Brunswick and Quebec1 have allowed us to

describe how budworm management occurs in different provincial contexts. Our challenge is to

capture as much of the complexity of budworm management as possible while also presenting

a generalizable, tractable and intuitive model. Certain aspects of our model reflect the actual

constraints of budworm management. For example, in each period, sprays are administered once,

twice, or not at all. Treatment is therefore a discrete decision which causes incomplete mortality

in the pest. Other aspects of the complexity cannot be maintained. Our model presents the

perspective of a stylized social planner who makes decisions on both treatment and harvest, with

harvest being a continuous variable that reduces tree biomass.

This chapter mostly focuses on management in the context of Quebec, and is calibrated

on Quebec data. Questions of early intervention are explored in Chapter 3 of this dissertation.

There are some aspects of Quebec budworm management that are not reflected in this model.

For example, Quebec produces a widespread sample of overwintering spruce budworm L2 pop-

ulations when determining spray areas. We have assumed that sampling is implicit, and have

not accounted for it2. Certain operational constraints are not considered, such as weather impacts

and flight line restrictions for administering sprays. Labor is assumed available. Trees designated

for cutting are cut. In reality, public bodies can incentivize a harvest, but harvest operations are

carried out by private companies, whether they occur on public or private land.

1We would like to thank Drew Carleton, Alain Dupont, Taylor Scarr, Rob Johns, Luke Amos-Binks, Pierre
Therrien, Frédérique Saucier, Lucie Bertrand, Stephen Yamasaki and François Villeneuve for their input.

2Quebec also collects L4 samples from branch tips immediately prior to spray operations. These have no impact
on treatment decisions, and are instead used to assess the effectiveness of spray operations in reducing defoliation.
These pre-spray activities do inform our model, because they allow us to calibrate defoliation based on population
density.
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2.3 Model

Our model describes budworm management over a homogeneous landscape that consists

of a single, undifferentiated forest species. The budworm infestation has already progressed to

an outbreak stage, and the only decisions available to the planner are harvest (which is propor-

tional) and treatment (which a discrete decision to apply 0, 1 or 2 aerial sprays). We assume full

information about both the forest and budworm stocks.

2.3.1 Summary of model parameters and primitives

The following tables summarize the model parameters that are used as model inputs and

provide their location in the text.
Table 2.1: Model state variables

Symbol Name Description Location in text Value/units
st, xt Forest

biomass
Stock of forest
before and after
harvests.

Established in
subsection 2.3.2

Basal area per
hectare

lt, yt Budworm
density

Per-branch early
and late instar
budworm density.

Established in
subsection 2.3.2.

Measured in bud-
worms per basal
area biomass,
based on branch
conversion.

Lt, Yt Total bud-
worm
biomass

Per-hectare early
and late instar
budworm density.

Established in
subsection 2.3.2
but described
in subsection
2.3.5.1.

Measured in
budworms per
hectare.
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Table 2.2: Model parameters: forests

Symbol Name Description Location in text Value/units
p Timber

price net
of harvest
costs.

We use BMMB
stumpage rates as
a proxy for tim-
ber value, with a
baseline value of
20 CAD.

Established in
subsection 2.3.3.

CAD per cubic
meter.

δ Discount
factor.

Defined as 1
1+ρ

where ρ is the dis-
count rate.

Established in
subsection 2.3.3.

Scalar.

rF Maximum
growth
rate of the
forest.

Rate at which the
forest biomass
grows in the
absence of bud-
worms.

Described in sub-
section 2.3.4.3.

Scalar with
a value
0 < rF < 1.

gF Growth re-
duction fac-
tor.

Links the late
instar budworm
density yt to
a percentage
decrease in forest
growth.

Described in sub-
section 2.3.4.3,
with derivation in
2.3.6.1.

Positive scalar
such that −gF is
a negative scalar.

mF Forest mor-
tality factor

Links the late
instar budworm
density yt to
a percentage
increase in forest
mortality.

Described in sub-
section 2.3.4.3,
with derivation in
2.3.6.2.

Scalar with
a value
0 < rF < 1.

KF Maximum
forest ca-
pacity.

The theoretical
limit on forest
biomass in the
absence of bud-
worms.

Described in sub-
section 2.3.4.3.

Basal area per
hectare.
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Table 2.3: Model parameters: budworms

Symbol Name Description Location in text Value/units
k(i) Treatment

cost.
Cost per treat-
ment, where i is
0, 1, 2.

Described in sub-
section 2.3.3.

CAD, linear in
treatments

β Net larval
production
per adult.

This is the prod-
uct of egg sur-
vival to the early
larval stage and
the fecundity of
moths.

Described in sub-
section 2.3.4.1.

Scalar.

µ Natural
budworm
mortality.

Can also be
written as µ(0),
which is to say
mortality in the
absence of treat-
ments.

Described in sub-
section 2.3.4.1.

Ratio.

Yimm Contribution
of immi-
gration to
adult moth
population.

This parameter
prevents total
extinction and
therefore cap-
tures endemic
dynamics.

Described in sub-
section 2.3.4.1.

Measured in
budworms per
hectare.
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Table 2.4: Variables

Symbol Name Description Location in text Value/units
ht Timber har-

vest.
This is a choice
variable. ht =
xt − st. The be-
ginning of period
stock st is har-
vested down to xt

and this transition
value is sold at
net price p.

Established in
subsection 2.3.3.

Measured in
basal area per
hectare.

it Treatment
decision.

Can take the
discrete values of
0, 1, 2.

Described in sub-
section 2.3.4.1.

Indicator.

λt Proportional
budworm
survival to
the adult
stage. Mor-
tality is
mt − λt.

Depends on the
treatment deci-
sion i.

Described in sub-
section 2.3.4.1.

0 < λt < 1.

d(it) Additional
Mortality
due to
treatments.

This is the ad-
ditional mortality
that affects bud-
worms after nat-
ural mortality oc-
curs.

Described in sub-
section 2.3.4.2.

Three dis-
crete values.
d(0) = 0, d(1) =
0.5, d(2) = 0.75

2.3.2 Generalized framework

The forest is a single dimensionless area. In each period t ∈ {1, T}, the forest contains a

stock of trees and pests at the beginning and end of the period. These are as follows: the forest

stocks at the beginning and end of period t are given by st and xt, respectively, while the stock

of pests at the beginning and end of period t are given by lt and yt
3. xt is the stock of trees after

harvests and yt is the stock of pests after treatments for population control and natural mortality.

3Lower-case variables represent scaled stocks of pests, dependent on the host. Upper case versions Lt and Yt

represent absolute stocks. See subsection 2.3.4.1
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The timber growth function is given by st+1 = g(xt, yt), where g is increasing in x, de-

creasing in y, and strictly concave with g(0; y) = 0. We assume that limy→∞ g(x, y) = 0 such

that there is complete mortality of the forest when all trees are infested. Harvest in period t is

harvested from stock s down to stock x at cost
∫ s

x
c(u)du, and sold at price p.

The infestation evolves according to lt+1 = b(xt, yt), where b(x, 0) = 0 and b(xt, yt) is

strictly concave, strictly increasing in x and strictly decreasing in y. The combination of natural

mortality and mortality caused by control measures in period t will reduce l to y. l is an earlier

instar than y, which is to say that y larvae are closer to becoming reproducing adults. In terms of

larval instars, lt can roughly be analogized to L4 budworms and yt to L6 budworms.

2.3.3 Generalized economic model

There are two choice variables that can be manipulated by the social planner: the harvest

(or proportional harvest) ht = st − xt and the treatment decision function i, which will influence

the transition of Lt to Yt by imposing additional mortality.

Harvest is a continuous decision, but treatment has discrete cut-offs. A planner can choose

zero, one, or two treatments. The cost structure will be linear with no fixed component. The cost

structure for harvests is given by
∫ st
xt

c(u)du, where c(u) is the marginal harvest cost, while the

cost structure for treatments is given by k(i) = kI ∗ iI + kII ∗ iII , where iI and iII represent

treatment decisions and kI and kII are the costs of these treatment decisions. If one treatment

occurs, iI = 1 and iII = 0, while two treatments implies iI = 1 and iII = 1. If no treatments

occur, such that iI = 0, then iII = 0 necessarily. If no treatments are applied, then the costs of

treatments will be zero.
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The objective of the social planner is to maximize net social benefit. We assume that the

discount rate ρ and the discount factor δ = 1
1+ρ

are invariant in time. In the most general terms,

the social planner’s objective can be stated as:

Á =
T∑
t=1

δt[p · (st − xt)−
∫ st

xt

c(u)du− k(i)] (2.1)

where i is the treatment decision for the forest.

Prices are assumed invariant across time. This objective must be maximized subject to the

two transition equations. This will yield a fundamental recursion relation of dynamic program-

ming which can be written as:

V (st, Lt) = max[p · (st − xt)−
∫ st

xt

c(u)du− k(i)] + δV (g(xt, Yt), b(xt, Yt)) (2.2)

2.3.4 Specific ecological models for budworms and tree stands

In this subsection, we describe specific transition equations for budworm and forests. All

assumptions are as in subsection 2.3.2.

Budworms do not simply transition from late instar larval stage to late instar larval stage on

a year-by-year basis; instead, they begin their lives in eggs, pass through several instars, pupate,

become moths, disperse, and lay eggs. Our challenge is thus to relate this multi-stage model,

which has been explored in entomological literature, to a model that only examines two stages of

the life cycle, namely, the early and late instar larval phases. This is done because the early stage

is the one for which larvae damage forests and are affected by sprays, while the late stage is the
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one immediately before pupation and mating.

Similarly, forest biomass growth needs to be modeled using a single-stage process. We

use the model proposed by Wilson and Ek [2019] to model whole-stand growth. Basal area per

hectare is our biomass stock variable, because it gives us a consistent measure of the amount of

land actually occupied by trees within a forested hectare. The other relevant measures of biomass

are volume, diameter at breast height for an individual tree, and foliage. We present conversions

for each.

2.3.4.1 A specific ecological model for budworms

One of the first attempts to model spruce budworms was put forward by Ludwig et al.

[1978], who describe a series of transition equations for spruce budworm in continuous time.

However, this model does not function in our context for two reasons. First, it describes "bud-

worms" as an undifferentiated biomass, with no distinction made for different instars or breeding

adults. Second, mortality only occurs due to natural predation or resource exhaustion. A more

appropriate model for spruce budworms is one that will consider discrete time, have survival or

mortality as a factor, and integrate resource exhaustion. The best such model will be a Beverton-

Holt growth function

The Beverton-Holt growth function for spruce budworm can be motivated as follows.

Spruce budworm exhibit a single generation life cycle. At the end of summer each adult pro-

duces b eggs. A proportion of these, α, survive to become larvae Lt, at the beginning of period t.

We assume α is constant. Thus, net larval production per adult is equal to β = αb. A proportion,

λt, of the larvae survive to become adults in the following period, t + 1. The adult survival rate
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between periods is zero. Thus, the period-to-period transition equation for late-instar larvae can

be written as:

Lt+1 = βλtLt

Larval survival depends on the biomass of larvae and foliage availability, which is a func-

tion of the basal area of trees, F (st). Foliage provides cover from predators. In addition, when

larvae are disturbed, they drop from their webbed shelters on silk threads. Those that land on

host foliage continue feeding, and otherwise they usually do not survive. Thus, the per capita

larval mortality rate within period t can be modeled as proportional to the instantaneous density

of larvae per unit of foliage. This implies the instantaneous rate of change in larvae is:

dL

dτ
/L(τ) = −µL(τ)/F (st) (2.3)

for τ ∈ [t, t + ∆t], where µ is a survival/mortality scaling parameter. F (st) is the surface

area of foliage, which is given parameters in equation (2.18) and a generalized functional form

in equation (2.19).

Below, we shall show that the right hand side of equation 2.3 is equivalent to the odds of

mortality in period t. Rearranging gives the following differential equation:

dL

L2
=

−µ

F (st)
dτ

Integrating both sides yields:
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[
1

L(t)
− 1

L(t+∆t)

]
=

−µ

F (st)
∆t

Solving for L(t+∆t) gives:

L(t+∆t) =
L(t)

1 + µ
F (st)

L(t)∆t

Thus, the proportion of larvae that survive to the end of the period is λt = 1
1+ µ

F (st)
Lt∆t

.

Letting ∆t = 1 implies:

Lt+1 =
βLt

1 + µ
F (st)

Lt

=
βF (st)Lt

F (st) + µLt

(2.4)

which is a Beverton-Holt transition equation that includes foliage availability as a growth

factor.

Spray treatments to control spruce budworm typically occur in spring and early summer,

when budworms are feeding on foliage growth. The impact of treatment on larval growth is

modeled as a change in the mortality parameter, µ, where µ(it) is defined to be the mortality

parameter in period t under it = 0, 1 or 2 treatments. This leads to the following spruce budworm

transition equation:

Lt+1 =
βLt

1 + µ(it)
F (st)

Lt

=
βF (st)Lt

F (st) + µ(it)Lt

= b(st, Lt, it). (2.5)

The timing of the model is as follows. Based on the larval biomass at the beginning of the

spring, Lt, and the forest basal area, st, the planner chooses how many times to spray, it = 0, 1,

or 2. Larval mortality occurs, followed by pupation, moth emergence, mating, egg laying and
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egg survival. This leads to a new larval biomass at the beginning of the next spring, Lt+1.

The period t larval survival rate can be expressed as:

λt =
1

1 + µ
F (st)

Lt

=
1

1 + µlt
,

where lt =
Lt

F (st)
is the density of larvae per unit of foliage. This is intuitively appealing

as the survival rate depends on larval density and a survival/mortality scaling parameter, µ. The

corresponding period t larval mortality rate is defined to be:

mt = 1− λt =
µlt

1 + µlt

Rearranging yields µ = mt

1−mt
/lt. From this it evident that µlt is the period t mortality odds.

For fixed values of s and µ, L has two possible steady state values, L = 0 and L =

F (s)(β−1)
µ

. Expressed in terms of larval density the steady state is l = (β−1)
µ

, or steady state mor-

tality odds equal to β − 1.

Given different treatment mortalities, the relationship µ = mt

1−mt
/lt can be used to calibrate

the parameter µ. If uncontrolled larval mortality at larval carrying capacity is 80% over period t,

then µ(0) = 4
l
. The carrying capacity emerges from the defoliation model. It is the asymptote at

which defoliation nears 100%. This is established below, in subsection 2.4.2.1, but for now we

note that it is 150 budworms per m2 of branch surface area. This implies µ(0) = 2
75

.

Given µ(0) = 2
75

, if larval density is half carrying capacity then λ = 1
1+µlt

= 1
1+150/75

=

1/3 (compared to λ = 1/5 at carrying capacity). This illustrates how larval survival is higher

when larval densities are lower.

This calibration determines µ(i), i = 0, 1, 2 from larval carrying capacity. A carrying
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capacity of 120 budworms/m2 of branch surface area implies µ(0) = 1/30, µ(1) = 0.075 and

µ(2) = 0.15.

Separating out the additional mortality from treatments, we can rewrite the transition equa-

tion as:

Lt+1 =
βF (st)Lt

F (st) + µLt

d(it) (2.6)

In subsection 2.3.4.2 below, we establish the parameter values for this equation that pertain

to spruce budworm. We will return to it later after establishing the transition equation for xt, as

this will allow us to establish the parameters pertaining to balsam fir.

Equation (2.6) can also be rewritten in terms of Yt as:

Lt+1 − Yt = (β − 1)Yt (2.7)

A transition based on absolute populations of budworms per hectare will capture the fact

that not all offspring will settle on the same hosts within the forested area. Thus, densities may

fluctuate based on changes in available foliage. If the overall population remains constant, but

the foliage decreases, the density of budworms will increase.

These equations provide us with the transition equations in the absence of positive or nega-

tive immigration. However, if moths from outside the landscape are migrating into the landscape,

we would see a contribution of immigrant moths to the local egg stock4. We write this as Yimm,

and thus we can rewrite equation (2.7) as:

4These moths will not be subject to the in-stand late larval mortality µ and will be unaffected by spray treatments
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Lt+1 = β(Yt + Yimm) (2.8)

The lack of a time subscript in Yimm indicates that this is a constant immigration rate. This

is a very strong assumption, but to modify it, we would need to adopt either a spatially-explicit

formulation or assume some rate of change. The spatially-explicit formulation is explored in

Chapter 4. Given that Yimm is a constant, we exclude it from derivations based on equation (2.6).

2.3.4.2 Parameterizing the budworm transition equation

The model in equation (2.6) has three parameters: β, µ and d(it). µ depends on λ. β

represents the transition of adult budworms to next period’s feeding budworm population, and µ

is the natural mortality rate of feeding budworms.

Régnière et al. [2019] describes the short-run dynamics of spruce budworm outbreaks. This

includes the realized fecundity of budworms and the survival rate of young larvae to the adult

(moth) stage. Using parameters from Régnière et al. [2019] and from primary correspondence

with the lead author, we modeled inter-generational reproduction using a code implemented in R.

We describe Lt+1 as a function of moths wt and thus of pre-pupal larvae Yt. Intermediate variables

include the survival rate S which determines the rate at which larvae per shoot l′t survive to moths

per shoot a′t, the defoliation rate Drt, cumulative defoliation Dt and the fecundity Et. Larval

growth is calculated based on 100 generated life cycles. Since we are interested in calculating

β in the absence of confounding elements, we assume no eggs from immigrant moths and no

treatments to protect foliage. Functional forms are established in Chapter 1, section 1.3.3.
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Starting from the L4 per shoot density5, which we write as l′t, survival in each period to the

adult stage is calculated with a Weibull function6:

S =
0.11426

l′t
(1− exp{[−4.69692 ∗ l′t]1.94932}) (2.9)

The adult population is then the product of the larval population and the survival rate, such

that emerging moths per shoot a′t = S ∗ l′t. Defoliation is calculated from the larval population

using a logit transformation7:

log(Drt) = −2.504 + 12.23 ∗ l′t (2.10)

Defoliation will determine the local fecundity of adults. Drt is the odds of defoliation in

the present period. If D′
t represents new defoliation, then Drt =

D′
t

1−D′
t
, such that D′

t =
Drt

1+Drt
.

Assuming 10% persistence in defoliation from the last period, cumulative defoliation is given by

Dt = D′
t + 0.1Dt−1 = Drt

1+Drt
+ 0.1Dt−1. The fecund adult population will consist of locally-

pupated adults. Adults lay eggs according to their fecundity8 at a rate:

Et = 19.3568 ∗ a′t
10Dt

(2.11)

A proportion of these eggs survive9 to the L4 stage:

5We assume that there are 80 shoots per branch. Per-shoot density was used in Régnière et al. [2019], and
parameters were calibrated based on this density. As such, our code to calculate β was based on this density.

6All scalars are established from table 1 of Régnière et al. [2019].
7This equation was calculated based on regressions shared in personal correspondence, and is the average defo-

liation rate in the absence of foliage protection efforts.
8This equation is taken from equation (5) and table 4 of Régnière et al. [2019], adjusted for no immigration.
9This equation is taken from equation (9) in Régnière et al. [2019].
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log10(l
′
t+1) = 0.598 log10(Et)− 0.374 (2.12)

The series of equations described above will define reproduction from the end of time step

t to the beginning of time step t + 1. We iterate over a 100 period horizon to calculate the long-

term value of β using a starting point of l0 = 9 budworms per branch, or l′0 = 0.1125 budworms

per shoot. These survive to the moth stage at the rate determined by equation (2.9) and cause

defoliation as determined by equation (2.10). Surviving moths lay eggs at a rate determined by

local defoliation, as per equation (2.11). Values of l′t, Drt, Dt, a′t and Et were calculated for each

t ∈ {0, 100}. These converge to steady states. To calculate β, we first divide the steady state

value of l′t, which is 0.2473491 by the steady state value of a′t, which is 0.10499397. This yields

β∗ = 2.36. Since Yt represents larvae just prior to pupation, we divide β∗ by the hatch rate of

pupae [Royama, 1984], which is 80%, to get a calibrated value of β = 2.96.

One source for µ is Royama [1984], who used data collected from 1947 to 1949 in New

Brunswick, before the start of major spray operations, to determine the stage to stage survival rate

of budworms. Royama’s tables were created in a context of low and rising budworm populations.

Royama determined that, without intervention, about λ = 20% of late-instar larvae survive to

the pre-pupal stage. This will yield a mortality parameter of µ = 4
lt

, where lt is the number of

budworms per unit of foliage. A unit of foliage is defined as a branch tip 45 centimeters in length,

since this is the sampling unit used to determine L4 densities prior to sprays. Thus, µ will change

based on larval density as described above.

The treatment survival parameter d(it) allows us to capture the additional mortality im-

posed by treatments without losing the non-linear aspects of µ. it can take the values of 0, 1 or 2.
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By definition, d(0) = 1. d(1) and d(2) can be calculated empirically and subjected to sensitivity

analysis. As a baseline, we use d(1) = 0.5 and d(2) = 0.75. This is based on the additional

mortality imposed in an effective control period, as shown in Carleton et al. [2019], where one

treatment is associated with 80-90% natural and additional mortality and two treatments are as-

sociated with 90-95% additional and natural mortality. Natural mortality µ therefore accounts for

the majority (60-80%) of mortality.

The parameter Yimm cannot easily be calibrated from literature, but it is used here for

sensitivity analysis. This is described in subsection 2.5.1.

2.3.4.3 A specific ecological model for tree stands

The instar dynamics of spruce budworms mean that the evolution of larval stocks is best

tracked in discrete time. The growth of trees is less sensitive to the choice of discrete versus

continuous time. In this chapter, we use discrete time to describe forest stock evolution, as this

maintains consistency with the budworm model.

The Beverton-Holt growth function is the discrete-time equivalent of logistic growth. In

the absence of forest pest impacts, the Beverton-Holt transition equation can be expressed as

st =
(1+rF )st

(1+rF xt/KF ))
. This specification is convenient because 1 + rF = Fx(0) and F (K) = K so

rF and KF denote intrinsic (net) growth and the maximum sustainable stock, respectively. We

therefore use a modified Beverton-Holt model adjusted for host-pest interaction as the foundation

for forest growth.

Spruce budworm affects both growth and mortality of the forest. We characterize these

impacts through a growth reduction factor, e−gF yt , and a mortality factor, (1−mFyt) that depend
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on post-treatment larval density yt = Yt/F (xt). Beginning with st, there is harvest, then growth,

and then mortality. This yields the following specification for the forest transition equation, where

xt = st − ht:

x′
t =

(1 + rF e
−gF yt)xt(

1 +
rF e

−gF yt
t xt

KF

) (2.13)

and st+1 = (1−mFyt)x
′
t.

The forest transition including mortality is given by:

st = (1−mFyt)
(1 + rF e

−gF yt)xt(
1 +

rF e
−gF ytxt

KF

) (2.14)

Based on Erdle and MacLean [1999], we fix x = 30 m2 as a starting point for the average

forest basal area. From Wilson and Ek [2019], KF ≈ 40 and rF = 1.105.

2.3.4.4 The relationships between basal area, volume and foliage weight for

balsam fir

While basal area is a useful, and consistent, measure of biomass, budworm dynamics anal-

ysis requires an estimate of foliage, while economic analysis requires an estimate of volume,

which can be approximated to merchantable timber volume. First, in order to determine the

growth in volume, we need a conversion of basal area to volume. A useful simplification is to

consider a balsam fir to be a cylinder with height H and area equal to a. If at = xt

n
, where n is the

number of trees in the stand, the volume of timber in an entire stand can thus be approximated to:
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vol = x×H (2.15)

which will hold for any tree species. Height is an inherent stand characteristic. It is related

to the diameter at breast height of individual trees. Frank [1990] provides the relationship based

on field observations of balsam fir, using diameter at breast height, or DBH. Across eastern North

America, balsam fir were found to range from 12 to 18 meters in height, with a DBH range of 30

to 48 centimeters. Thus, the factor of height (in centimeters) to DBH is roughly 40 for balsam fir.

However, without the number of stems n in a stand, converting basal area to mean DBH is tricky.

For now, we parameterize H = 15 as a midpoint value, but allow volume to vary based on H ,

which we do observe in our data.

We can write balsam fir volume as:

volt = 15xt (2.16)

Thus, we have a direct conversion from basal area to volume for balsam fir10.

Equation (2.6) contains the term F (st), which represents the relevant unit of foliage. L4

larvae are typically sampled on 45 centimeter branch tips (see SOPFIM [2022], Régnière et al.

[2019] and Régnière and Sanders [2022]). To determine a functional form, we adapt Lambert

et al. [2005] and Régnière et al. [1989].

First, Lambert et al. describe the relationship between a tree’s diameter at breast height (in

cm) and foliage (in kg) as:

10A more precise conversion is given by Perron [2003], who gives volume for a single balsam fir as: VMB =
b0 − b1D

2 − b2H + b3DH + b4D
2H where VMB is merchantable volume, D is diameter at breast height, and H

is the height of a tree.
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folkg = β1D
β2 (2.17)

where specific parameter values are β1 = 0.084 and β2 = 1.6695 (see Table 3 of Lambert

et al. [2005]).

Régnière et al. measured the average branch surface area and foliage kilogram weight of a

45 cm branch tip. Balsam fir branch tips had a foliated surface area of 0.135m2 and featured 134

grams of foliage. White spruce branch tips had roughly the same foliated surface area (0.134m2),

but with 182 grams of foliage.

In balsam fir, one kilogram of foliage will be equivalent to 1000
134

= 7.46 branch tips.

In our model, st and xt represent the basal area of a stand in m2/ha. The basal area of

a single tree in m2 is given by ba = st
N

where N is the number of tree stems per hectare. The

diameter at breast height of a single tree is given by D = 2
√

ba′

π
where D and ba′ are measured

in cm and cm2. We would multiply st or xt by 105 to convert m2 to cm2.

By bringing these various conversions together, the branch-tip equivalent foliage per tree

for a balsam fir can be written as:

F (
S

N
) = 7.46 ∗ 0.084(2

√
10000s

Nπ
)1.6695

Multiplying the above by N yields the foliage units for a hectare of balsam fir as a function

of basal area:

F (st) = 1673.37N0.16525s0.83475t (2.18)
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A generalized form of equation (2.18) can therefore be given by:

F (st) = θsγt (2.19)

Where, for balsam fir, θ = 1646.45N0.16525, N is the number of trees per hectare (assumed

roughly constant, which approximately holds due to the small magnitude of the exponent on N ),

and γ = 0.83475. We will use equation (2.19) for derivations.

2.3.5 Integrating the generalized framework with the specific ecological mod-

els

In this subsection, we integrate the models described in subsections 2.3.2, 2.3.3 and 2.3.4.

This will form the basis of our empirical simulation, as described in section 2.4.

2.3.5.1 Spruce budworm growth and treatment

In the absence of any control, Lit = βλ0
tLit and therefore b(xit, Yit) would be a function of

xit and Lit. Holding biomass xit = sit constant, a generalized growth function in the absence of

dispersal can be given by:

Lt+1 = βλtLt (2.20)

The term β = αb is the product of egg survival α and egg production b. It represents net

L4 larval production per adult. λt is the proportion of larvae who survive to the adult stage Yt.

λ0
t represents natural mortality without treatment. If λI

t and λII
t are additional mortality from one
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and two treatments, respectively, then

λt = λ0
t + λI

t (i
I
t ) + λII

t (iIIt ) (2.21)

where iIt = 1 for one or two treatments (zero otherwise) and iIIt = 1 if two treatments

occur (zero otherwise). Similarly, µt = µ0
t + µI

t (i
I
t ) + µII

t (iIIt ).

In the absence of treatment, budworm growth converges asymptotically to the forest’s car-

rying capacity for budworms, which will depend on biomass sit. We restate equation (2.6) as:

Lt+1 =
βLt

1 + µ0

F (st)
Lt

=
βF (st)Lt

F (st) + µ0Lt

=
βθsγtLt

θsγt + µ0Lt

(2.22)

Treatments will increase the natural mortality of budworms. Budworm treatment programs

involve either one or two sprays. With treatment, we can modify equation (2.22) as:

Lt+1 =
βLt

1 + µ(it)
θsγt

Lt

=
βθsγtLt

θsγt + µ(it)Lt

= b(st, Lt, it) (2.23)

If xt = st, then we have:

Lt+1 =
βLt

1 + µ(it)
θxγ

t
Lt

=
βθxγ

tLt

θxγ
t + µ(it)Lt

= b(xt, Lt, it) (2.24)

These equations therefore provide the discrete-time transition equations for budworms.

Equation (2.23) corresponds to the infestation transition equation from subsection 2.3.2.

Defoliation and harvest will reduce the total biomass of the forest, whereas natural regrowth

will increase it, and thus the carrying capacity of the forest will be affected by the growth in the

budworm population. In the next subsection, we discuss how the budworm population and harvest
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decisions affect the biomass of the forest.

2.3.5.2 Growth and harvest of the forest

In the absence of harvest, st = xt. The generalized transition equation is given by:

st+1 = g(xt, yt) (2.25)

Without harvest, the growth function given by equation (2.14) can be written as:

st+1 = (1−mFyt)
(1 + rF e

−gF yt)st(
1 +

rF e
−gF yt
t st
KF

) (2.26)

This is the transition for st to st+1 when no harvest occurs.

The next step is to incorporate harvest. Recommended harvests are either clearcuts or

shelterwood cuts [Johnston, 1986]. Clearcuts of the forest stock st would reduce xt to zero, so st

is the constraint on harvest. Shelterwood cuts will lead to a portion of the forest being removed.

Timing is critical, as our model considers two instances within each time step: the budworm

treatment mating season, and the rest of the year. Harvests occur throughout the year, in winter

as in summer [CSMOAF, 2010]. As a simplification, we will assume that harvests occur on

the stock st, before sprays, defoliation or mortality can occur. This is a reasonable assumption

given that sprays will not be conducted over an area that is being actively harvested. An area

scheduled for a clearcut will not be treated at all. Any defoliation that occurs in such an area will

be considered irrelevant. Thus, any portion of st that is removed will not be subject to defoliation

or mortality. Mortality and defoliation will affect growth from xt to st+1, and will be based on
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the surviving pest stock Yt (or yt).

Harvest can be expressed in terms of volume or in terms of removed basal area. In our

model, we will write it as the latter, such that ht = st − xt.

Thus, with tree harvest, the transition from xt to xt+1 is given by:

xt+1 = (1−mFyt)
(1 + rF e

−gF yt)xt(
1 +

rF e
−gF yt
t xt

KF

) − ht+1 (2.27)

and we can write the transition equation for st+1 in terms of st as:

st+1 = (1−mFyt)
(1 + rF e

−gF yt)(st − ht)(
1 +

rF e
−gF yt
t (st − ht)

KF

) (2.28)

Equation (2.26) corresponds to the timber growth function from subsection 2.3.2. Expres-

sion (2.27) can also be written as: xt+1 = st+1 − ht+1.

2.3.6 Simulating the marginal impacts of budworm density on defoliation, growth

loss and mortality

As explained in subsection 2.4.2.1, we use the SOPFIM [2022] defoliation model to calcu-

late the link between defoliation and budworm density. This requires us to calculate growth loss

and mortality as a function of the incremental change in budworm density.

2.3.6.1 Impacts of budworm on forest growth

We calculate the impacts on growth and mortality in steps. The first step is to calculate the

growth impact, which is non-linear. We restate equation (2.13):
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x′
t =

(1 + rF e
−gF yt)xt(

1 +
rF e

−gF yt
t xt

KF

)
Using d to indicate the percentage change in yt and x to represent a reference value of the

basal area xt, we write the percentage growth in basal area as ξ(x, d), which equals growth minus

x all divided by basal area, x, we have:

ξ(x, d) =
1 + rF exp(−gFd)(
1 +

rF exp(−gFd)x

KF

) − 1 =
rF exp(−gFd)(1−

x

KF

)(
1 +

rF exp(−gFd)x

KF

) (1 + rFα) (2.29)

where α = x
KF

. The growth rate reduction is given by 1− ξ(x,d)
ξ(x,0)

.

The denominator of the above equation is given by:

lim
x→0

ξ(x, d) = rF exp(−gFd)

The theoretical upper limit of x is KF/α. Thus, the numerator of the growth rate reduction

function is given by:

lim
x→K/α

ξ(x, d) =
rF exp(−gFd)(1− α)

1 + rF exp(−gFd)α

The growth rate reduction can be written as:

1− ξ(x, d)

ξ(x, 0)
= 1−

[
rF exp(−gFd)(1− α)

1 + rF exp(−gFd)α

]
/

[
rF (1− α)

1 + rFα

]
(2.30)
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This can be written as 1−
[
(1 + rFα) (rF exp(−gFd)(1− α))

rF (1− α) (1 + rF exp(−gFd)α)

]
and thus as:

rF (1− α)(1 + rF exp(−gFd)α)

rF (1− α)(1 + rF exp(−gFd)α)
− (1 + rFα)(rF exp(−gFd)(1− α))

rF (1− α)(1 + rF exp(−gFd)α)

We can simplify the numerator as follows:

rF (1− α)(1 + rF exp(−gFd)α)− (1 + rFα)(rF exp(−gFd)(1− α))

= rF − αrF + αr2F exp(−gFd)− α2r2F exp(−gFd)− rF exp(−gFd)+

αrF exp(−gFd)− αr2F exp(−gFd) + α2r2F exp(−gFd)

= rF − αrF − rF exp(−gFd) + αrF exp(−gFd)

which can be finally simplified to:

rF (1− α)(1− exp(−gFd)) (2.31)

This allows us to write out a simplified equation for the marginal growth rate reduction due

to budworm density:

(1− exp(−gFd))

(1 + rF exp(−gFd)α)

Substituting d = yt and α = xt

KF
, the percentage growth reduction in x′

t as a function of xt

and yt is:
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(1− exp(−gFyt))(
1 + rF exp(−gFyt)

xt

KF

) (2.32)

We use the values in table 2.7 to calculate gF by running a non-linear regression defined by

(2.32).

2.3.6.2 Impacts of budworm on forest mortality

The mortality impact is more straightforward. We have assumed that the mortality factor

in equation (2.14) is:

1−mFyt

If we assume that yt ∈ [0, 1] with zero mortality when yt = 0, then the marginal impact of

an increase in budworm density on short-term mortality is given by the slope parameter mF . The

table 2.10 provides values of yt and of one-year mortality percentages, which we use to calculate

mF .

2.4 Empirical strategy and available data

The model described in section 2.3 will be used to build a simulation model, described in

this section. The data used to initialize this simulation are also described in this section. Spruce

budworms are economically significant, impacting large chunks of the Canadian and Northern US

forest, and they are well-documented. Thus, management issues surrounding spruce budworm

are pertinent, and data on spruce budworms and their habitats are readily available. Data is
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available from several jurisdictions, but we will focus on budworm in Quebec forests due to the

level of detail in Quebec’s forest inventories.

While budworms infest a wide variety of forest species, and take their name from spruce,

balsam fir are the most logical choice of host to examine. The impacts of budworms on spruce are

actually relatively mild, whereas budworms devastate balsam fir and pine stands. Balsam fir are

economically significant, being widely harvested for softwood lumber or paper pulp. Most stands

are mixed, so we will focus on balsam fir dominant stands while applying some assumptions as

to their behavior.

2.4.1 Available data

The majority of our data is available from one of three sources, which are the Ministère des

Ressources naturelles et des Forêts (MRNF) (formerly the Ministère des Forêts, de la Faune et

des Parcs, or MFFP), the Bureau de mises en marché des bois (BMMB) and the Société de pro-

tection des forêts contre les insectes et maladies (SOPFIM). The first two sources are government

sources, while the latter is a private nonprofit. The BMMB is subordinate to, but operationally

separate from, the MRNF. The SOPFIM is mandated to carry out operations on public and private

forest by the MRNF.

Forest inventory data is taken from the Inventaire écoforestier du Québec méridional (IEQM)

[MFFP, 2017]. This data is a large, highly detailed set of polygons that includes tree mix, per-

stem and per-hectare volume, per-hectare basal area, per-stem DBH, total stems per hectare and

canopy information. The data is a snapshot, with compilation year being included in the meta-

data, and varying geographically.
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Information on wood pricing is available from the BMMB [2022c]. Quebec has 191 tarifi-

cation zones, each represented by a three digit code. Helpfully, number assignment is not random.

All zones in the 150 range are located in the Bas-St.-Laurent region, while all zones in the 180

and 190 ranges are located in the Gaspésie region. Both of these regions are more similar to New

Brunswick than they are to the remote, sparsely populated Côte-Nord, which represents all codes

in the 900s except for 995 (Anticosti Island) and 998 (which includes Quebec’s Far North and

the Magdalen Islands, both of which have a negligible forest industry).

Each zone will have associated standing timber value as well as recuperation incentives

for perturbations that include fire, windfall. Wood value and subsidies for affected stands for fir

(sapin in French) and other species are available and adjusted on a quarterly basis, using a baseline

that is established at the beginning of the BMMB’s fiscal year, which runs from Q2 to Q1 of the

next calendar year. Spruce budworm subsidies vary from $1.13 to $7.65 dollars per cubic meter

in Quebec for the 2022-2023 fiscal year, with an average of $1.72. However, subsidies are highest

in the Bas-St.-Laurent and Gaspésie, averaging $3.02 per m3. The maximum subsidies are found

in this region. Subsidies for spruce budworm are only available for fir and spruce, and do not

vary according to wood quality or between fir and spruce.

The wood value system bears discussion. The BMMB is mandated to evaluate the mer-

chantable per-volume value of standing timber (VMBSP) across the province [BMMB, 2022c].

This system is used both to calculate the annual royalty that long-term license-holders must pay

to the government to maintain their rights, as well as the stumpage rate that must be paid out

when harvesting standing timber. It is based on the principle of inter-regional equity. Wood will

have a higher assessed value in regions where there is easy road and market access than in regions

where wood is remote from labor and markets.
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A supporting document is available here, in French, which explains the transposition of

market data for fir, pine and spruce [BMMB, 2022a] onto value. The BMMB calculates the

VMBSP based on the following formula:

VMBSP = β0 + β1(
vol

ha
) + β2(CTMM) + β3Bids+ . . .+ βjxj

The variable CTMM represents transport costs to mills and markets. The number of bids is

then an instrumental variable with associated regression:

Bids = δ0 + δ1(
vol

ha
) + . . .+ δjxj

and explanatory variables include, among others, net mill revenue, price index, percentage

of cavity in the wood, Herfindahl index, terrain difficulty, and number of times that the sector

has been put on the market. The latter three variables are control variables. The price that results

from these calculations is the minimum, not maximum, value. It is adjusted for planning and

road construction costs for each region.

Value depends heavily on quality as well as location. A log that is at least 14 centimeters

in diameter and 2.5 meters long is classified B, according to Quebec’s scaling manual [BMMB,

2022b]. Excluding marginal regions, the value of B grade fir in Quebec averaged $14.50 CAD

per m3 in Q3-2023, with the highest value being $36.60 CAD.

All required data is thus publicly available, and has been used to build and calibrate the

simulation model outlined below. Data is used to parameterize the model, but as our model

simulates management on a theoretical landscape, the amount of data used in our model is less

than the amount of data available to us. This suggests that many extensions on our model would
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be possible.

Cost of treatment w2 can be drawn either from literature or from field reports. Liu et al.

[2019] use a value of $40 CAD per hectare for a single application of Btk or tebufenozide and

$80 CAD per hectare for two treatments of Btk, while in personal correspondence with a New

Brunswick forest health manager, we obtained an approximate average cost of $115 CAD per

hectare for treatments when fixed costs were included. The SOPFIM, for its part, publishes ta-

bles of treatment operations and costs in Quebec. From these tables, we are able to calculate an

average treatment value of $45 CAD per hectare. This is the value we will use when parameter-

izing our model.

2.4.2 Calculating parameter values for the model

The parameter values used in our simulation model combine values established in previous

literature with values taken from the available data outlined in subsection 2.4.1.

2.4.2.1 Linking defoliation to budworm densities

The SOPFIM [2022] has created a model that predicts defoliation as a function of L4 bud-

worm density per bud, which it uses to evaluate the success of its foliage protection programs11.

For different larval densities, predicted defoliation in the absence of treatments is calibrated us-

ing control (untreated) plots and calculated as a counterfactual for plots that receive one or two

treatments. The difference between observed defoliation and predicted untreated defoliation is

the reduction in defoliation that can be attributed to the treatment activity.

The SOPFIM [2022] defoliation model uses a Logit regression to predict the percentage

11This model can be found in figure 15 and table 31 of the cited source.

79



of defoliation for different budworm densities per bud. Based on the associated budworms per

branch values given in table 31 [SOPFIM, 2022], we calculate that there are approximately 105

buds per branch tip on average. With this ratio, we can calculate the buds per branch associ-

ated with different levels of defoliation. The table below lists defoliation for different L4 density

levels, and the associated late instar larvae per branch under the assumption of 78% natural mor-

tality.

Table 2.5: Defoliation midpoints

Defoliation (%) L4/branch (lt) Late-instars/branch (yt)
10% 2.2 0.5
30% 5.5 1.2
50% 9.6 2.1
70% 16.9 3.7
90% 41.5 9.1
99% 205.2 45.1

The last value is asymptotic. Budworm L4 densities of 200 larvae per branch tip are un-

likely to be observed in nature.

2.4.2.2 Calculating budworm larval mortality with and without treatment

The budworm survival rate in the absence of treatment varies from instar to instar. The

objective of an application of Btk or tebufenozide is to impose additional mortality between the

second and sixth instars, which will reduce both the number of larvae feeding on trees in the cur-

rent year and the number of moths that can reproduce. The SOPFIM [2022] model is once again

helpful. For each observation of post-treatment defoliation, we are able to impute the number of

early instar budworms that would have resulted in a similar level of defoliation in a hypothetical

scenario without treatment. For example, in table 31 of their annual report [SOPFIM, 2022], plots

that had 49.2 L4 larvae per branchtip and received two treatments had 92.4% predicted counter-
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factual defoliation, but 47.8% realized defoliation. This would be equivalent to an untreated plot

with an L4 density of 8.8 larvae per branch tip.

It would be incorrect, however, to say that the two applications of budworms caused 82%

mortality (40.4 L4 budworms), because this would ignore the role of natural mortality. Natural

mortality is very high in budworms. Using Royama’s 78% natural mortality from late to pre-

pupal instars, the 49.2 L4 larvae would result in 10.8 pre-pupal larvae, whereas the imputed

8.8 L4 larvae would result in 1.93 pre-pupal larvae. For 49.2 L4 larvae to yield 1.93 pre-pupal

larvae, mortality is on the order of 96.1%. As such, 16.4% of mortality can be attributed to the

two treatments.

By repeating the exercise for all of the values in table 31 [SOPFIM, 2022], we find that

the impact of a second treatment is approximately half that of the impact of a first treatment. We

separate additional mortality from natural mortality and obtain d(1) = 50% (one treatment) and

d(2) = 75% (two treatments).

2.4.2.3 Tree growth and mortality impacts

The impacts of budworms on tree growth reduction and mortality are derived from Erdle

and MacLean [1999]. They derived the pest-related impacts on one year diameter increment

growth and five-year survival from different cumulative defoliation classes12. By using the SOP-

FIM model, we can use the Erdle and MacLean parameters to build a model that links budworm

densities to basal area growth reduction and stem mortality. Erdle and MacLean’s table is sum-

marized below:
12See table 2 of the cited source.
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Table 2.6: Growth loss (% of DBH increment) and five year mortality due to defoliation

Defoliation class (%) Growth loss Mortality (%)
0− 20% 0 5%
21− 40% 25% 5%
41− 60% 48% 15%
61− 80% 66% 40%
81− 100% 83% 80%

These values are calculated for a forest that has a mid-point basal area of 30 m2/ha and

1492 stems/ha on average [MFFP, 2017]. Diameter at breast height increments are calculated in

terms of millimeters per stem. While diameter at breast height per hectare is similar in Quebec,

the number of stems per hectare is much smaller, at about 1000 stems/ha in the Saguenay-

Lac-St-Jean region13. Using defoliation midpoints from the Erdle and MacLean table, we can

establish the following per-hectare reductions in basal area growth for a basal area of 30 m2/ha.

Table 2.7: One-year basal area growth increment to budworm density relationship

Defoliation (%) Late-instars/branch (yt) Growth loss, %
0% 0 0%
30% 1.2 25%
50% 2.1 48%
70% 3.7 66%
90% 9.1 83%

The initial yt value in table 2.7 is set to 0 to establish a starting point for the regression.

There is no growth loss at this starting point.

By fitting a non-linear least squares regression to this data, we were able to calculate the

parameter value of gF from equation (2.32), restated here:

(1− exp(−gFyt))(
1 + rF exp(−gFyt)

xt

KF

)
From Wilson and Ek [2019] we have KF ≈ 40 and rF = 1.105, and we fit gF to the

13This is block 22D of the IEQM [MFFP, 2017].

82



following non-linear least squares regression where the independent variable is yt and the baseline

value of xt is set to 30.

Using R [R Core Team, 2021], we run a non-linear regression of the data in table 2.10. We

use an initial −gF value of −0.9, and achieve convergence after 9 iterations. The table below

reports regression results with 4 degrees of freedom:

Table 2.8: Results of equation (2.32) regression

−ĝF Std. Error t-value RSE
−0.4053 0.0437 −9.274 0.06866

The calculation of the mortality parameter mF is more straightforward but requires addi-

tional assumptions. Again, using defoliation midpoints from the Erdle and MacLean table, we

can establish the following 5-year mortality rates.

Table 2.9: Five year mortality to budworm density relationship

Defoliation (%) Late-instars/branch (yt) Mortality (%)
10% 0.5 5%
30% 1.2 5%
50% 2.1 15%
70% 3.7 40%
90% 9.1 80%

Note that the mortality threshold is at approximately 35% defoliation, with 5% mortality

representing normal mortality in an uninfested stand. In our stylized model, however, we linearize

this relationship in order to calculate single-year mortality as a function of budworm density.

For each five-year mortality rate m5, we can calculate the one-year mortality rate m1 as m1 =

1− (1−m5)
1
5 . This yields the following estimates:
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Table 2.10: One year mortality to budworm density relationship

Defoliation (%) Late-instars/branch (yt) 1-year mortality (%)
0% 0 0%
30% 1.2 1.0%
50% 2.1 3.2%
70% 3.7 9.7%
90% 9.1 27.5%

Once again, the initial yt value in table 2.10 is set to 0 to establish a starting point in the

regression, as is the initial mortality rate. We set the intercept to zero, and calculate regress the

mortality percentage on yt. Regression results for 4 degrees of freedom are below:

Table 2.11: Results of mortality regression

m̂F Std. Error t-value RSE
0.0287 0.00201 14.26 0.0204

2.4.3 Empirical strategy

Our model is parameterized using the data described above, and these parameters are sum-

marized in the table in subsection 2.3.1.

The parameterized dynamic optimization model is solved numerically to obtain optimal

policy functions for spruce budworm treatment and timber harvest, along with the maximum

value function that characterizes the discounted sum of benefits and costs under optimal manage-

ment.

The problem is solved as a numerical dynamic programming problem using the value func-

tion iteration method. This algorithm implements Bellman’s fundamental recursion relation using

a set of nested loops. The outer loop iterates over periods-to-go, where the problem at each stage

is solved, the maximum value function is updated, and then number of periods-to-go is incre-

mented until the value function converges within a specified tolerance. Convergence of the value
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function is ensured by the fact that the fundamental recursion relation is a contraction mapping

from the space of value functions to itself. The intermediate loop nest iterates over a discrete

approximation of the state space. In this case, the state space for forest basal area and budworm

larval biomass is approximated by a discrete grid over [0, smax]× [0, Lmax] where smax is the max-

imum sustainable forest biomass in the absence of spruce budworm and Lmax is the maximum

sustainable budworm biomass given a forest biomass of smax.

The baseline case is implemented over a 101 × 401 grid, yielding 40, 501 possible states.

The inner-most loop nest iterates over the action space to perform an exhaustive grid search over

the feasible set which finds the optimal policy and value from each state. The action space for

harvest is approximated by a discrete grid with 401 points, and harvests are chosen subject to the

feasibility constraint 0 ≤ ht ≤ st. Budworm treatment is defined on a grid of 3 points, that reflect

the discrete choice of 0, 1, or 2 treatments. The criteria for value function convergence is:

max
s,L

∣∣∣∣VN+1(s, L)− VN(s, L)

VN(s, L)

∣∣∣∣ ≤ 0.0001 (2.33)

where the maximum is over all 40, 501 states. Expressing the convergence criteria in terms

of the absolute value of the percentage difference in value insures that convergence is not sensitive

to units of measurement. Sensitivity analysis indicates that the optimal value and policy are robust

to further refinements in the state space, action space and convergence criteria. The numerical

solution algorithm is implemented using Intel Fortran [Intel Corporation, 2024] compiled on a

64 bit Windows operating system. Results are presented in the next section.
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2.5 Results

In the results below, budworm biomass is calculated in terms of budworms per branch and

forest biomass is calculated in terms of basal area per hectare. Policy results are plotted using the

ggplot2 package in R [Wickham, 2016].

2.5.1 Simulation model results: baseline scenario

Our baseline scenario assumed the following parameters:

Table 2.12: Parameters of the baseline simulation

Parameter rF KF gF mF β θ γ Bmax

Value 1.1 40.075 0.4053 0.0287 2.96 5035.71 0.83475 150

Parameter do d1 d2 Yimm p h
dbh

k(i) δ

Value 0 0.5 0.75 10000 20 15 45 1
1.05

These values were, for the most part, established in the text of this chapter. One notable

exception is Yimm, which is the contribution of immigrant moths to the per-hectare budworm

population. This value emerged from simulations: in early runs with zero immigration, treatment

regimes started at roughly 20,000 budworms per hectare. We therefore set immigration at the

midpoint between zero and the treatment threshold.

Without controls, the transition equation for budworms yields:
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Figure 2.1: Uncontrolled Budworm Transition

Budworms will converge to a carrying capacity that is less than their theoretical limit due to

the reduction in forest biomass at large budworm numbers. This will reduce available resources

and therefore decrease the rate of survival.

In an uninfested forest, the transition equation for a stand is given by:

87



Figure 2.2: Uninfested Forest Transition

In such a forest, basal area will converge to its maximum value. A budworm infestation

will reduce the maximum biomass that the forest can attain, because this land will be taken up by

dead tree biomass, which is not counted as part of living biomass.

The planner has two policy choices: the treatment level and the harvest level. The contours

for optimal policies are below:
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Figure 2.3: Baseline optimal treatment contours

Zero, one or two treatments are possible. The optimal policy is generally to run two treat-

ments, except at very low budworm levels or for low forest biomasses.

If we restrict the potential budworm population (i.e., the vertical axis), we note that the

range of budworm biomasses for which a single treatment is optimal is thicker than the range for

which no treatments are optimal. If there are between 1000 and 5000 budworms per hectare, a

single treatment will be sufficient to control the budworm biomass, and this holds for any forest

basal area that is sufficiently large to regenerate itself14. Above 5000 budworms per hectare, two

treatments become necessary. Note that the treatment threshold is lower when immigration leads

to budworm contributions than without it.
14A forest that is too small to regenerate itself will optimally be harvested to zero.
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Figure 2.4: Baseline optimal treatment contours

The optimal budworm biomass as a function of the forest is below:

Figure 2.5: Baseline optimal budworm transition contours
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Figure 2.6: Baseline optimal budworm transition contours

Generally speaking, the optimal policy is to reduce the budworm biomass to a low level.

This is accomplished using a mix of treatment and harvest. Two treatments are applied, and

the forest is further harvested down to reduce the biomass available to budworms and thus the

budworm population in the next period.

The contours for optimal next-period forest biomasses given the budworm biomass are

given below:
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Figure 2.7: Baseline optimal forest transition contours

Figure 2.8: Baseline optimal forest transition contours

Next period’s optimal forest biomass will determine the optimal harvest level. The forest

will be harvested down to a level that will be expected to regrow to the optimal next-period

biomass, given the budworm biomass. Harvest levels depend on both the economic value of

harvest and on the benefits of budworm reductions given harvests.
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The optimized transition equations for budworms and forests are given below:

Figure 2.9: Baseline optimal budworm transition as a function of forest

The optimal budworm policy is always to reduce next period’s number of budworms. The

budworm level should eventually be driven below the Allee threshold15. These results suggest that

an early intervention strategy, where feasible, should be employed. When EIS is not possible, an

FP strategy should be employed. Note that this analysis cannot capture certain positive aspects

from the presence of budworms, such as their role as a food source for birds. Elimination of

budworms is not feasible nor advisable.
15Strictly speaking, the budworm growth model does not feature an Allee threshold, as the growth function is

concave, and Allee thresholds imply a non-concave growth function. The interaction between the budworm growth
and forest growth functions will instead lead to Allee-like behavior, as a small enough forest will make SBW growth
rates fall below a sustainable level.
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Figure 2.10: Baseline optimal forest transition as a function of budworms

The optimal harvest policy is to remove some of the forest, leaving enough biomass to

regenerate and to be harvested in the next period. As the budworm biomass increases, so does the

harvest level. This is done for two reasons. First, this will permit the planner to recuperate some

of the harvest value in the present period that would otherwise be lost (i.e. due to dead wood rot).

Second, it will reduce the biomass available to budworms in the next period, which will reduce

budworm survival rates.

2.5.2 Time paths

The baseline parameters for our time path are set to xt = 10 and Yt = KB

10
≈ 164, 400.

These baseline parameters are used in both this analysis and in the sensitivity analysis.

With a 200 year horizon, the optimal policy will be to treat budworms down to a minimal

level while initially harvesting the forest down to a low level. Subsequently, the optimal policy
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will be to let the forest regrow to a high level and to harvest a steady amount every year. Budworm

treatment will continue until budworms fall to an endemic level, where they will not exceed the

Allee threshold.

Figure 2.11: Baseline forest time path
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Figure 2.12: Baseline budworm time path

The long-term optimal budworm population will consist only of immigrated populations.

This suggests that, in a realistic context, the optimal budworm population is an endemic level.

This analysis does not capture spatial interdependence. Instead, the immigration rate is assumed

constant. Spatial interdependence is left for future research. There are other limitations to inter-

pretations of this time path, discussed in subsection 2.6.4.

The time paths for treatment, harvest and the pre-and-post harvest forest are below. The

baseline is an initial basal area of 10 m2 and an initial budworm biomass of approximately 1.6

million budworms per hectare.
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Figure 2.13: Baseline treatment time path

The optimal policy will be to treat the initial population for a few years until levels drop to

below the Allee threshold. Subsequently, treatments become unnecessary, and thus cease.
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Figure 2.14: Baseline harvest time path

Figure 2.15: Time path of initial (st) and post-harvest (xt) forest

98



2.5.3 Sensitivity analysis

For sensitivity analysis, we varied different parameters from table 2.12 and observed how

model behavior changed as a result.

The following parameters were modified, one by one: p, β, k(i), δ, gF , mF , rF and Yimm.

All parameters other than δ, rF and Yimm were permuted twice: they were first doubled relative

to the baseline, and then halved relative to the baseline. Results were then recorded. δ, rF and

Yimm are special cases, as halving them was not logical.

In this subsection, graphs are provided for parameter changes that meaningfully changed

the results of the model only.

2.5.3.1 Sensitivity to price changes

The price of timber was first doubled from 20 to 40, and then halved from 20 to 10. There

were no changes to model behavior. The value function increased when prices doubled, and

decreased when prices were halved.

2.5.3.2 Sensitivity to changes in larval production: doubled β

Egg production per adult β was doubled and halved.

First, we double β.
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Table 2.13: Parameters: fourth run

Parameter rF KF gF mF β θ γ Bmax

Value 1.1 40.075 0.4053 0.0287 5.92 5035.71 0.83475 150

Parameter do d1 d2 Yimm p h
dbh

k(i) δ

Value 0 0.5 0.75 10000 20 15 45 1
1.05

The contours for optimal policies are below:

Figure 2.16: Run 4 optimal treatment contours

Two treatments are almost always optimal. These results are therefore not much different

from our baseline.

The optimal budworm biomass as a function of the forest is below:

Figure 2.17: Run 4 optimal budworm transition contours
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Figure 2.18: Run 4 optimal budworm transition contours

Budworms become harder to control through treatment alone due to their increased re-

production rate, although treatment should still be employed as the benefits outweigh the costs.

There is a band at about 80,000 budworms per hectare where a high budworm biomass in the next

period is tolerated. This band is the crossover between a harvest-led policy and a treatment-led

policy.

The contours for optimal next-period forest biomasses given the budworm biomass are

given below:

Figure 2.19: Run 4 optimal forest transition contours
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Figure 2.20: Run 4 optimal forest transition contours

Above 80,000 budworms per hectare, the forest should be harvested down to a low, but

sustainable level. This will reduce the budworm population, which will lack resources, allowing

treatment to push it down to a level that will not cause the forest to die out. The forest will

replenish itself somewhat, and will then be harvested again. Below this level, treatment will be

sufficient to reduce the budworm population to a manageable density. More forest can therefore

be left to the next period.

For higher realized fecundity, the optimized transition equations for budworms and forests

are given below:

Figure 2.21: Run 4 optimal budworm transition as a function of forest

Budworm levels should generally be driven as low as possible, and this will be achieved

thanks to a mix of treatment and harvest. At low budworm levels and high forest levels, some
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slight budworm growth is acceptable.

Figure 2.22: Run 4 optimal forest transition as a function of budworms

The optimal forest transition is clear: for low relative budworm levels, the forest can be

harvested at a low rate. As soon as levels rise, however, the optimal policy is to harvest the forest

down to a low level so that budworms will run out of food. The L-shape in the forest transitions

can be explained by the fact that relative budworm density is what matters rather than absolute

density. A smaller forest will face pressure at a lower absolute budworm density than a larger

forest.

The time paths for the forest, budworms, treatment, harvest and the pre- and post-harvest

forest biomass are below. While treatments are maintained at a constant level throughout, bud-

worm and forest levels will fluctuate around a steady state over time. In essence, human inter-

vention will create an oscillating predator-prey cycle: the forest grows, the budworm population

grows as a result, trees are harvested before they can die out, budworm levels fall to a level that

can be suppressed through treatments, and the cycle repeats as the forest is now able to regrow.
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Figure 2.23: Run 4 forest time path

Figure 2.24: Run 4 budworm time path

Figure 2.25: Run 4 treatment time path
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Figure 2.26: Run 4 harvest time path

Figure 2.27: Time path of initial (st) and post-harvest (xt) forest for Run 4

2.5.3.3 Sensitivity to changes in larval production: halved β

Secondly, we halve β.

Table 2.14: Parameters: fifth run

Parameter rF KF gF mF β θ γ Bmax

Value 1.1 40.075 0.4053 0.0287 1.48 5035.71 0.83475 150

Parameter do d1 d2 Yimm p h
dbh

k(i) δ

Value 0 0.5 0.75 10000 20 15 45 1
1.05

The contours for optimal policies are below:

105



Figure 2.28: Run 5 optimal treatment contours

There is a very clear treatment boundary. The no-treatment and two-treatment zones are

two separated contours, and there is a thin boundary between them where only one treatment is

administered.

The optimal budworm biomass as a function of the forest is below:

Figure 2.29: Run 5 optimal budworm transition contours

In the two-treatment zone, the best way to deal with budworms is with a treatment program.

Above it, the best way to deal with them is to remove enough forest that their population drops.

Removing as many budworms as possible is not the priority in the two treatment zone, however,

and so there will be less need to increase harvest in addition to treatment. Treatment alone will

be sufficient to reduce losses. These results may seem counterintuitive, but resource competition

must be taken into account. If the realized fecundity is lower, then the remaining young larvae Lt
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will have more feeding success as they will be more fit, and thus a large initial young budworm

population (in a relative sense) will place tremendous pressure on the forest in the present period.

On the other hand, predation and attrition would make it harder for a small population to reach

these large levels. The optimal contours do not determine the feasibility of initial states, just

optimal policy given initial states.

The contours for optimal next-period forest biomasses given the budworm biomass are

given below:

Figure 2.30: Run 5 optimal forest transition contours

Clearcuts happen in the no-treatment zone. Outside of this zone, harvest is increasing in

budworm biomass, but the forest biomass in the next period remains high relative to the baseline

scenario.

For lower realized fecundity, the optimized transition equations for budworms and forests

are given below:
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Figure 2.31: Run 5 optimal budworm transition as a function of forest

Instant eradication is possible, but would imply clearcuts. Otherwise, treatment will be

effective at reducing the population in the next period. This will depend on the initial forest and

budworm biomass.

Figure 2.32: Run 5 optimal forest transition as a function of budworms

The forest should be guided back to a path that will allow for a high and sustainable harvest,

if possible. If this is not possible, then clearcutting is the only option.

The time paths for the forest, budworms, treatment, harvest and the pre- and post-harvest

forest biomass are below. The forest is initially harvested to a low level, and then allowed to

regrow to a high level. The budworm population is deprived of food and will fall to its long-term

level, which is near zero. Two treatments are initially applied. Afterwards, treatments become

unnecessary. The harvest level is constant once the forest biomass is sufficiently high.
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Figure 2.33: Run 5 forest time path

Figure 2.34: Run 5 budworm time path

Figure 2.35: Run 5 treatment time path
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Figure 2.36: Run 5 harvest time path

Figure 2.37: Time path of initial (st) and post-harvest (xt) forest for Run 5

2.5.3.4 Sensitivity to treatment cost changes

The treatment cost k(i) was first doubled to 90, and then halved to 22.5. Model behavior

did not change relative to the baseline scenario. The value function increases when costs decrease

and decrease when costs increase. The effect of a cost change is therefore similar to the effect of

a price change.

2.5.3.5 Sensitivity to changes in the discount rate: quadrupled rates

The discount rate was first increased from 5% to 20%. Doubling the interest rate was not

sufficient to change model behavior.
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Table 2.15: Parameters: eighth run

Parameter rF KF gF mF β θ γ Bmax

Value 1.1 40.075 0.4053 0.0287 2.96 5035.71 0.83475 150

Parameter do d1 d2 Yimm p h
dbh

k(i) δ

Value 0 0.5 0.75 10000 20 15 45 1
1.20

The contours for optimal policies are below:

Figure 2.38: Run 8 optimal treatment contours

Two treatments are generally optimal. However, the use of harvests to control the spread

of budworms in addition to treatment depends on the initial budworm population, and this holds

more or less flat for forests of any biomass over 0.5 m2.

The optimal budworm biomass as a function of the forest is below:

Figure 2.39: Run 8 optimal budworm transition contours
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Figure 2.40: Run 8 optimal budworm transition contours

There is a policy cut-off around 60,000 budworms per hectare. Above this line, budworms

should be suppressed as much as possible, which can be achieved by increasing harvests to near-

clearcut levels. Below this cut-off, treatment is the primary way to control budworms. Harvests

will be high but not near to clearcuts.

The contours for optimal next-period forest biomasses given the budworm biomass are

given below:

Figure 2.41: Run 8 optimal forest transition contours
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Figure 2.42: Run 8 optimal forest transition contours

The harvest is high and increasing in budworm biomass, but it is important to note that

clearcuts are generally not optimal, unless the budworm biomass is uncontrollably large relative

to the size of the forest. For budworm populations lower than about 40,000, a relatively high

basal area will be left for the next period if the initial basal area is small.

At higher interest rates, the optimized transition equations for budworms and forests are

given below:

Figure 2.43: Run 8 optimal budworm transition as a function of forest

Budworm levels must be driven as low as possible as quickly as possible. Harvests will

help to drive the population down.
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Figure 2.44: Run 8 optimal forest transition as a function of budworms

The forest in the next period depends primarily on budworm biomass. For low budworm

biomasses, the forest biomass in the next period can be relatively high, although not as high as

in a lower interest rate setting. As budworm biomass increases, the distance between transition

lines decreases. At the highest budworm biomasses, clearcuts occur.

The time paths for the forest, budworms, treatment, harvest and the pre- and post-harvest

forest biomass are below. The forest is initially harvested to a low level, and then allowed to

regrow to a high level. The budworm population is deprived of food and will fall to its long-term

level, which is near zero. Two treatments are initially applied. Afterwards, treatments become

unnecessary. The harvest level is constant once the forest biomass is sufficiently high.

Figure 2.45: Run 8 forest time path
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Figure 2.46: Run 8 budworm time path

Figure 2.47: Run 8 treatment time path

Figure 2.48: Run 8 harvest time path

115



Figure 2.49: Time path of initial (st) and post-harvest (xt) forest for Run 8

2.5.3.6 Sensitivity to changes in the discount rate: very low interest rates rates

The discount rate was then decreased from 5% to 1%. Halving the interest rate was not

sufficient to change model behavior.

Table 2.16: Parameters: ninth run

Parameter rF KF gF mF β θ γ Bmax

Value 1.1 40.075 0.4053 0.0287 2.96 5035.71 0.83475 150

Parameter do d1 d2 Yimm p h
dbh

k(i) δ

Value 0 0.5 0.75 10000 20 15 45 1
1.01

The contours for optimal policies are below:

Figure 2.50: Run 9 optimal treatment contours
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Two treatments are optimal except for a small forest biomass. This holds true even for

a small budworm biomass. There is a thin policy band where one treatment is optimal, and at

near-zero biomasses, no treatments are optimal.

The optimal budworm biomass as a function of the forest is below:

Figure 2.51: Run 9 optimal budworm transition contours

Figure 2.52: Run 9 optimal budworm transition contours

High budworm populations in the next period are acceptable if this period’s budworms are

high. This implies that there will not be a rush to chop down trees as quickly as possible if the

outbreak is too big to be controlled by treatments.

The contours for optimal next-period forest biomasses given the budworm biomass are

given below:
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Figure 2.53: Run 9 optimal forest transition contours

Figure 2.54: Run 9 optimal forest transition contours

As the discount rate is low, there is no need to cut down the forest as quickly as possible.

Harvests occur at a sustainable rate, but do increase in budworm biomass.

At lower interest rates, the optimized transition equations for budworms and forests are

given below:
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Figure 2.55: Run 9 optimal budworm transition as a function of forest

Budworm levels can be gradually driven to a manageable level. Treatment becomes a more

important management method than clearcuts.

Figure 2.56: Run 9 optimal forest transition as a function of budworms

Harvest is increasing in budworm biomass but clearcuts are never optimal. Even for the

highest budworm biomass, some forest will be left for the next period.

The time paths for the forest, budworms, treatment, harvest and the pre- and post-harvest

forest biomass are below. The forest is initially harvested to a low level, and then allowed to

regrow to a very high level. Treatments are applied for longer than in the baseline scenario.

Harvest levels are steady in the long-term.
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Figure 2.57: Run 9 forest time path

Figure 2.58: Run 9 budworm time path

Figure 2.59: Run 9 treatment time path
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Figure 2.60: Run 9 harvest time path

Figure 2.61: Time path of initial (st) and post-harvest (xt) forest for Run 9

2.5.3.7 Sensitivity to changes in the growth budworm parameter

The budworm-growth interaction parameter gF was first doubled to 0.8106 and then halved

to 0.20265. Model behavior did not change. The forest biomass at the start of each period

decreased when gF increased and increased when gF decreased, which is a straightforward and

expected result given that gF negatively affects the growth rate of timber.
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2.5.3.8 Sensitivity to changes in the mortality budworm parameter: doubled

mF

We first increase the mortality factor mF . This mortality factor relates relative budworm

densities to the percentage death in the forest. If the budworm density increases, more trees will

die (be removed from the biomass) in the next period.

Table 2.17: Parameters: twelfth run

Parameter rF KF gF mF β θ γ Bmax

Value 1.1 40.075 0.4053 0.0574 2.96 5035.71 0.83475 150

Parameter do d1 d2 Yimm p h
dbh

k(i) δ

Value 0 0.5 0.75 10000 20 15 45 1
1.05

The contours for optimal policies are below:

Figure 2.62: Run 12 optimal treatment contours

The treatment contours are similar to run 5 (where realized fecundity was decreased): there

is a clear boundary between two treatments and non-treatment. There is a thin separation where

one treatment is employed.

The optimal budworm biomass as a function of the forest is below:
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Figure 2.63: Run 12 optimal budworm transition contours

As is the case for run 5, we will treat the budworms below the treatment threshold and

clearcut the forest above it.

The contours for optimal next-period forest biomasses given the budworm biomass are

given below:

Figure 2.64: Run 12 optimal forest transition contours

Again, harvest is increasing in biomass, with clearcuts only occurring outside of the treat-

ment boundary. Less forest is left over than in run 5. The next-period forest biomass will only be

higher than 20 m2/ha if the budworm biomass is very low.

For a higher mortality interaction, the optimized transition equations for budworms and

forests are given below:
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Figure 2.65: Run 12 optimal budworm transition as a function of forest

Budworm levels should be driven as low as possible, and this will be achieved first by

treatment, and if not, by increasing the harvest, possibly to clearcut levels.

Figure 2.66: Run 12 optimal forest transition as a function of budworms

As long as the budworm biomass is low, the forst biomass can be maintained at a high

steady state. If the budworm biomass is high, however, harvests will increase. Very high bud-

worm biomass will cause clearcuts (the flat line).

The time paths for the forest, budworms, treatment, harvest and the pre- and post-harvest

forest biomass are below. We run treatments initially for a few years, and then they become

unnecessary as the budworm population is driven to a very low level. The forest and harvest are

maintained at a high level over the time period.
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Figure 2.67: Run 12 forest time path

Figure 2.68: Run 12 budworm time path

Figure 2.69: Run 12 treatment time path
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Figure 2.70: Run 12 harvest time path

Figure 2.71: Time path of initial (st) and post-harvest (xt) forest for Run 12

2.5.3.9 Sensitivity to changes in the mortality budworm parameter: halved mF

The next step is to reduce the mortality-budworm factor by half.

Table 2.18: Parameters: thirteenth run

Parameter rF KF gF mF β θ γ Bmax

Value 1.1 40.075 0.4053 0.01435 2.96 5035.71 0.83475 150

Parameter do d1 d2 Yimm p h
dbh

k(i) δ

Value 0 0.5 0.75 10000 20 15 45 1
1.05

The contours for optimal policies are below:
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Figure 2.72: Run 13 optimal treatment contours

Treatment contours are straightforward. Two treatments are used except if the budworm or

forest biomass is very small. There is a sliver of small forest biomasses for which one treatment

is used.

The optimal budworm biomass as a function of the forest is below:

Figure 2.73: Run 13 optimal budworm transition contours

Figure 2.74: Run 13 optimal budworm transition contours
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Higher budworm levels are acceptable if the forest and budworm biomass are high enough.

This means that treatment will be the primary method used to control budworms.

The contours for optimal next-period forest biomasses given the budworm biomass are

given below:

Figure 2.75: Run 13 optimal forest transition contours

Figure 2.76: Run 13 optimal forest transition contours

Harvest increases in budworm biomass, but clearcuts will only occur when the forest

biomass is already small.

For a lower mortality interaction, the optimized transition equations for budworms and

forests are given below:
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Figure 2.77: Run 13 optimal budworm transition as a function of forest

Budworm levels can be maintained at a low, sustainable rate. Eradication is not a priority.

Figure 2.78: Run 13 optimal forest transition as a function of budworms

The forest biomass will be maintained at a steady rate as long as it is high enough. It is

decreasing in budworms but at low budworm levels, the forest biomass will be high.

The time paths for the forest, budworms, treatment, harvest and the pre- and post-harvest

forest biomass are below. Time paths are similar to run 12 despite the very different behavior of

the transition equations. Budworms are driven to the low level a bit faster.
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Figure 2.79: Run 13 forest time path

Figure 2.80: Run 13 budworm time path

Figure 2.81: Run 13 treatment time path
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Figure 2.82: Run 13 harvest time path

Figure 2.83: Time path of initial (st) and post-harvest (xt) forest for Run 13

2.5.3.10 Changes to the growth rates of the forest

The forest growth rate rF is first decreased to 1.0 and then increased to 2.0. Reducing the

growth rate to 1 does not change model behavior. Increasing the growth rate will increase the

sustainable harvest but otherwise leave model behavior unchanged.
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2.5.3.11 Effects of a ten-fold increase in immigration

Table 2.19: Parameters: sixteenth run

Parameter rF KF gF mF β θ γ Bmax

Value 1.1 40.075 0.4053 0.0287 2.96 5035.71 0.83475 150

Parameter do d1 d2 Yimm p h
dbh

k(i) δ

Value 0 0.5 0.75 100000 20 15 45 1
1.05

The contours for optimal policies are below:

Figure 2.84: Run 16 optimal treatment contours

The no-treatment zone widens as the basal area widens, with a cut-off at about 7 m2/ha.

The optimal budworm biomass as a function of the forest is below:

Figure 2.85: Run 16 optimal budworm transition contours
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The no-budworm zone matches the no-treatment zone. The policy in this case is to clearcut

the forest. This is shown from the contours for the optimal next-period forest biomasses given

the budworm biomass:

Figure 2.86: Run 16 optimal forest transition contours

Figure 2.87: Run 16 optimal forest transition contours

Forest clearcuts only occur in the no-treatment zone. Otherwise, a relatively large forest

biomass will be left to the next period.

For high budworm immigration, the optimized transition equations for budworms and

forests are given below:
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Figure 2.88: Run 16 optimal budworm transition as a function of forest

Budworms cannot be eliminated unless a clearcut occurs. There will always be budworm

immigration. As such, the transition should be pushed to its lowest level by using two treatments.

Figure 2.89: Run 16 optimal forest transition as a function of budworms

Even for a high budworm population, the forest in the next period will be harvested at a

sustainable level. It will converge to a steady state.

The time paths for the forest, budworms, treatment, harvest and the pre- and post-harvest

forest biomass are below. We will always apply treatments. Budworms are suppressed to the

immigration level, and the forest is maintained at a high level, which allows for a steady harvest.
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Figure 2.90: Run 16 forest time path

Figure 2.91: Run 16 budworm time path

Figure 2.92: Run 16 treatment time path

135



Figure 2.93: Run 16 harvest time path

Figure 2.94: Time path of initial (st) and post-harvest (xt) forest for Run 16

2.5.3.12 Effects of a hundred-fold increase in immigration

We increase immigration from 10,000 to 1,000,000.

Table 2.20: Parameters: seventeenth run

Parameter rF KF gF mF β θ γ Bmax

Value 1.1 40.075 0.4053 0.0287 2.96 5035.71 0.83475 150

Parameter do d1 d2 Yimm p h
dbh

k(i) δ

Value 0 0.5 0.75 1000000 20 15 45 1
1.05

The contours for optimal policies are below:
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Figure 2.95: Run 17 optimal treatment contours

Figure 2.96: Run 17 optimal treatment contours

No treatment dominates, except at low inital budworm levels.

The optimal budworm biomass as a function of the forest is below:

Figure 2.97: Run 17 optimal budworm transition contours
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Figure 2.98: Run 17 optimal budworm transition contours

The no-budworm zone matches the no-treatment zone. The policy in this case is to clearcut

the forest. Outside of this zone, high budworm levels must be tolerated. Treatment will reduce

the budworm level but will not be sufficient to reach a low sustainable level.

The contours for the optimal next-period forest biomasses given the budworm biomass are

as follows:

Figure 2.99: Run 17 optimal forest transition contours

Figure 2.100: Run 17 optimal forest transition contours
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Forest clearcuts only occur in the no-treatment zone. Otherwise, a relatively large forest

biomass will be left to the next period. However, this will only last in the short-run. In the long-

run, the budworm outbreak cannot be controlled, and clearcutting will be the only option. This

will be shown in the time paths below.

For high budworm immigration, the optimized transition equations for budworms and

forests are given below:

Figure 2.101: Run 17 optimal budworm transition as a function of forest

The behavior of the budworm transition indicates that clearcutting will need to be used

to remove budworms from the forest (or, more specifically, by removing the forest from the

budworms).

Figure 2.102: Run 17 optimal forest transition as a function of budworms

Forest biomass will be left for the next period if the budworm population is very low.

Otherwise, the forest will be clear-cut.
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The time paths for the forest, budworms, treatment and harvest are below. The time path

for the pre- and post-harvest forest biomass is excluded as results were flat lines at zero. We will

clearcut the forest as quickly as possible. No treatments are applied.

Figure 2.103: Run 17 forest time path

Figure 2.104: Run 17 budworm time path

Figure 2.105: Run 17 treatment time path
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Figure 2.106: Run 17 harvest time path

2.6 Discussion

Our results indicate that budworms must generally be actively treated, except in specific

circumstances when budworm densities are high and the forest biomass is low. Two treatments

are generally optimal, except when the initial budworm biomass is low. This suggests that the

management policies currently being employed in eastern Quebec and Canada’s Maritimes are

likely to be improvements over doing nothing. Conditions can change if the cost of treatment

becomes prohibitively expensive or if trees have extremely low harvest value, as is the case in

parts of western Quebec. Harvests will increase as the budworm density increases, which will

help reduce the budworm population in addition to treatments.

Since budworms can be driven to endemic levels along our baseline time path, an early

intervention strategy would potentially be welfare-improving over a foliage protection strategy

in the Lac-Saint-Jean region of Quebec. However, this assertion comes with caveats, which are

discussed in subsection 2.6.4.
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2.6.1 Discussion of main results

Our primary results indicate that the optimal policy, according to our set-up, is to run an

active treatment program for a few years while managing budworms down to a low level. The

forest will grow slowly to its long-term steady state, and harvests will reach a long-term steady

level.

The weakness of the main model is that it cannot account for variable rates of budworm

survival success or immigration. Therefore, the model describes short-term behavior more accu-

rately than long-term behavior. In the short-term, foliage protection will be optimal, or at least

an improvement over a no-protection strategy. Some tree die-off is inevitable until budworms are

controlled. Thus, Quebec’s investment in its aerial spray program will improve social welfare

relative to a do-nothing or immediate clearcut strategy.

2.6.2 Discussion of sensitivity analysis

Our model is sensitive to changes in realized fecundity (β), the discount factor (δ), the

mortality-budworm parameter (mF ) and immigration (Yimm).

Increasing the realized fecundity will make budworms more difficult to control through

treatment alone. A mixture of harvest and treatment will need to be used. If the initial budworm

population is very high, clearcuts may be optimal. Otherwise, there will be no long-term steady

state for either budworms or forests. Instead, we will see an oscillation pattern around a long-

term trend for each. Two treatments will always be applied each year in this scenario. Increasing

realized fecundity will increase the reproduction of adult larvae (and moths) Yt but will also

increase competition among young larvae Lt. Pressure on trees will decrease.
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Decreasing the realized fecundity makes budworms easier to control, but also has the odd

effect of making clearcuts occasionally optimal. There is a treatment zone and a non-treatment

zone. Treatments are used to reduce the budworm to near-zero levels. Initially, two treatments

are applied for a short period of time. After this, no more treatments are required. Decreasing

realized fecundity will decrease the reproduction of adult larvae (and moths) Yt but will also

decrease competition among young larvae Lt. Pressure on trees will increase, and as such a high

initial Lt can potentially cause trees to die off, which will make clearcuts optimal.

Decreasing the discount factor by increasing the interest rate (δ) will change the model

behavior significantly. The harvest will increase significantly above about 60,000 budworms per

hectare, to near clearcut levels. Budworms should be suppressed as much as possible above this

cut-off, and if the initial budworm population is below the cut-off, the long-term policy will still

be to suppress budworms to their lowest level. Two treatments are used for a few years, and

afterwards, they will not be necessary. The harvest level will be initially high, which will reduce

the forest to a low biomass that will then regrow.

Increasing the discount factor by decreasing the interest rate (δ) reduces the urgency of

eliminating budworms. The harvest level will be initially low, and as such the initial reduction of

forest biomass will not be as severe as in a high discount rate setting.

When the mortality-budworm (mF ) is increased, there are distinct combinations of bud-

worm and forest that will result in no treatments and clearcuts. Outside of these zones, budworms

will be suppressed by a mixture of treatments and harvests. Individual budworms will place more

pressure on trees.

When the mortality-budworm (mF ) is decreased, there is no clearcut zone. Budworms

do not need to be suppressed as quickly as possible, and as such treatments are the best way
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to manage outbreaks. Harvests are increasing in budworm biomass, but some forest biomass is

always maintained if possible.

Increases in immigration will change the model behavior significantly. A tenfold increase

in immigration will create a no-treatment zone for small to medium forest biomasses and moder-

ate to large budworm biomasses. Inside the no-treatment zone, clearcuts are optimal. Outside of

this zone, we will tolerate high budworm populations in the next period.

A hundredfold increase in budworm immigration will create a very large no-treatment

zone, to the extent that treatment is only an option for large forests and small initial budworm

biomasses. Clearcuts will be inevitable either in the short-term or long-term. At most, harvest

can be delayed for one period. Afterwards, the optimal policy will be to cut the forest down

completely.

The pattern that emerges from this sensitivity analysis is as follows: as budworms become

harder to control, or their damages become more severe, the emphasis placed on treatment as the

primary control method decreases. Harvests will increase as the planner seeks to minimize losses

due to tree death and growth reduction, and in some cases, treatment will be abandoned in favor

of clearcuts. Similar situations occur when the discount rate increases, as the reward from forest

biomass and harvest in future periods will decrease.

When budworms become easier to control, budworms can be driven to a near-extinction

level that will only be replenished by immigration. When their damages are low, there is no rush

to control budworms as quickly as possible. As such, budworms can be slowly treated down to a

low, sustainable level. The emphasis on harvests to control budworms decreases.
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2.6.2.1 Sensitivity analysis and time paths

For the baseline parameters used in 2.5.2, the general rule of time paths is that they converge

to a steady state. Planners will first harvest the forest down to a low level, and will then let it

replenish to a high steady state. Subsequent harvests occur at a sustainable rate, corresponding to

the replenishment rate of the forest. The budworm population can be driven to a low level, after

which treatments will no longer be necessary.

There are two exceptions. First, doubling the fecundity of adults, as is the case with the pa-

rameters in table 2.13, leads to a situation in which the budworm population will always rebound

from treatments. Two treatments are always applied. The budworm population will oscillate

along a long-term mean, as will the forest and the harvest level. There is no constant steady state

in such a situation. This scenario suggests that a mature outbreak that has exceeded the Allee

threshold and cannot be removed from the forest must instead be managed on a rolling basis.

Treatments will reduce the population, which will reduce the level of tree death. However, some

tree death from budworms is inevitable in both the short term and long term. When the budworm

biomass increases, so does the rate of harvest.

If there is a hundred-fold increase in the immigration parameter, as is the case for the

parameters in table 2.20, then the optimal strategy will be to immediately cut down the forest,

removing all available biomass for budworms. Treatments become irrelevant, and we immedi-

ately converge to a corner solution steady state. This suggests that an uncontrollable budworm

infestation will lead to a total loss of the forest. The initial high level of immigration would not

be likely to sustain itself at a high level, however, as local resource exhaustion would likely be

accompanied by resource exhaustion across the entire landscape.
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2.6.3 Implications of sensitivity analysis for management

Our baseline model implies that two treatments should always be applied, and that bud-

worms can be driven to a low endemic level. Since initial conditions do not change, sensitivity

analysis can help us to make more realistic policy assessments. Varying parameters will capture

some, but not all, of the complexities of management.

The baseline model assumes a set rate of budworm reproductive and rearing success. Most

entomological budworm models recognize that the survival and reproduction rates of budworms

will vary from year to year. Therefore, variations in β help us to capture how policy prescrip-

tions will change as budworm survival and reproduction rates change. The effect is complex:

budworms will both compete with each other for food and decrease the predation rate of indi-

vidual budworms. This leads to our observed Allee effect. High budworm populations coupled

with low realized fecundity will lead to a steady state where budworms will overwhelm the forest

before out-competing each other for resources. On the flipside, low realized fecundity and a low

budworm population will lead to a manageable outbreak that should be treated slowly down to a

reasonable level. High realized fecundity will generally lead to a forest that cannot be managed at

a steady state. A sudden increase in β can cause a manager to switch from an early intervention

strategy to a foliage protection strategy with no management steady state.

Changes in the discount factor will change treatment and harvest priorities. Long-term

management becomes less important, and as such harvests are emphasized over treatments. Man-

agers are more willing to cut the forest down to a level that will support much smaller budworm

populations. The focus will shift away from foliage protection and towards harvest schedule opti-

mization or even clearcutting. As the discount factor increases, forest stocks must be maintained

146



for longer, which will increase the importance of foliage protection or early intervention.

Changes to the mortality rate will change the treatment and harvest policy. Increases in

mortality can make the forest unsalvageable. Therefore, a forest which can be considered weak

to budworms in its initial conditions due to size or basal area will, under certain conditions,

optimally be clearcut. Low-vulnerability forests will be preserved for longer, and will almost

never be clearcut. The implication of this is that management that can reduce forest vulnerability

will increase the pertinence of active pest management.

2.6.4 Limitations of the model

The biggest limitation of our model is the fact that initial conditions will not change. Sen-

sitivity analysis helps to account for this. However, certain things cannot be captured by the

sensitivity analysis.

First and foremost, this model does not capture the complexities of budworm population

estimation in the landscape. We assume a known population. The result is that our model cannot

directly determine the cut-offs between foliage protection and early intervention. At most, initial

conditions could be variably described as favorable to foliage protection or early intervention

based on the paths of forest and budworm stocks.

Tree mix is not incorporated into our model. Trees are undifferentiated biomass. As identi-

fied by Chang et al. [2012a], one management strategy for spruce budworms involves replanting

forests will less vulnerable species. It is known that balsam fir are more vulnerable to spruce bud-

worm outbreaks than pine or spruce [Greenbank, 1963, Jennings and Crawford, 1985, Talerico,

1983]. A long-term reduction in the vulnerability of the forest cannot be directly captured by
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our model, although, as mentioned in the sensitivity analysis, changes to mF will change model

behavior.

The spatial aspect is discussed in Chapter 4. In short, omitting spatial inter-dependencies

means that the immigration rate will not reflect the overall conditions of the forest. This cannot

merely be captured by varying Yimm. Rather, the spatially inter-dependent immigration response

will be dynamic: treating or thinning the forest will have co-benefits that will reduce the intensity

of the necessary response in downwind stands.
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Chapter 3: Managing Spruce Budworm Outbreak Risks Through Optimized

Surveillance Strategies (with. Prof. Rebecca Epanchin-Niell)

3.1 Introduction

While spruce budworms always exist at endemic levels in Northeastern North American

forests and form part of their ecosystems, severe outbreaks occur at roughly 30 to 40 year inter-

vals, depending on climatic conditions. These outbreaks kill vast swathes of forest, damaging

the ecosystem and causing standing trees to lose their value steadily over time as they rot. Re-

cently, techniques have been developed to actively manage spruce budworm populations before

they reach outbreak levels [Régnière et al., 2019]. These techniques are known as the early inter-

vention strategy (EIS), a program of surveillance and early control that seeks out hot spots with

rising budworm populations and treats them down to endemic levels using biological control

agents such as Bacillus thuringiensis var. Kurstaki (Btk) and tebufenozide. Active management

under an EIS has the potential to significantly reduce timber losses [Liu et al., 2019]. In this

chapter we examine the conditions under which a manager may choose to undertake surveillance

for EIS as part of a spruce budworm mitigation program.

The purpose of this chapter is to extend proactive pest monitoring and treatment models to

an endemic species. Proactive management tends to focus on exotic and invasive species. Spruce
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budworms are uniquely suited to such a study, as they are present at low, endemic levels through-

out the landscape at all times, and periodically rise to outbreak levels that cause widespread forest

losses. The EIS program developed and implemented in New Brunswick relies on the detection

of hot spots before outbreaks occur. Since proactive management is, theoretically, possible, we

adapt a model designed for optimizating early detection and control of exotic pest outbreaks

to endemic pest outbreaks. We implement this by adapting prior modeling approaches [e.g.

Epanchin-Niell, 2020, Epanchin-Niell et al., 2014, 2012] to the spruce budworm EIS context.

Our paper represents a novel contribution to the literature by showcasing how techniques and

approaches used to survey invasive species can be applied to endemic irruptive species.

MacLean et al. [2019] have described the early intervention strategy as a "$300 million

dollar solution to a $15 billion dollar problem" in Atlantic Canada, based on the present value

of a 50-year outbreak horizon. The ratio of present value benefits to present value costs would

therefore be 50 to 1. Despite the very high benefit to cost ratio, there are currently no plans to

implement EIS in Quebec. This chapter explores the potential economic benefits of implementing

an EIS program in Quebec, as well as where such a program would be economically warranted.

There are several ways to conceptualize the trade-offs involved in an EIS program. The

framework we adopt here is the cost-benefit trade-off: we compare the costs of running a surveil-

lance program for EIS in different parts of our landscape to the benefits, which are calculated

based on avoided damages from an outbreak1. Any location with a benefit to cost ratio higher

than one or positive net benefits would receive investments. This is the appropriate method to

use when the available surveillance budget is significantly larger than the cost of running EIS at

1The alternative to EIS in our model is a foliage protection program (FP). Under an FP program, part of the
damages from an untreated outbreak will be avoided, and part of the damages will be incurred. The benefits of EIS
are therefore the portion of outbreak damages that are avoided by using EIS rather than FP, net of control costs.
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cost-effective locations. Another method is to use a limited surveillance budget and unlimited

treatment budget. The trade-offs would therefore be between the marginal benefits of running

surveillance at different locations. This chapter uses both approaches.

Spruce budworm management involves two components: surveillance and control. In this

chapter, we consider how a forestry manager deploys surveillance resources to avert the worst

damages from spruce budworm outbreaks, and therefore focus on surveillance rather than control.

In Chapter 1, we discuss the controversy concerning the sources of budworm epidemics.

Once again, we assume that the double equilibrium hypothesis holds and thus that early interven-

tion can be effective. This is consistent with the current scientific majority opinion.

This chapter proceeds as follows. Section 3.2 reviews the management of invasive species

that have similar characteristics to spruce budworms. Section 3.3 summarizes the implementa-

tion of the early intervention strategy for spruce budworm management in Eastern Canada, and

describes the general parameters of our modeling approach. Section 3.4 describes the model’s

conceptual framework. Section 3.5 provides a mathematical specification of the model. Section

3.6 fits empirically-calculated values to the parameters from section 3.4, describes the landscape,

and shows how predictions from this model will be tested empirically using a bioeconomic mod-

eling approach. Section 3.7 provides the results from optimization of our model under baseline

parameters and sensitivity analysis, and analyzes the implications of our results. Section 3.8

provides further discussion of these results and concludes the chapter.
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3.2 Literature review: surveillance in invasive pest management

In this section, we review prior work on optimal surveillance and control of non-native

invaders, and discuss how they relate to spruce budworm management.

A cursory survey of the literature did not uncover any economics or operations research

articles that specifically deal with the problem of optimal sampling for spruce budworms. We

therefore draw on extant economics and policy literature for invasive species management. Eco-

nomic papers that discuss the general features of invasive species surveillance and control models

are reviewed in Chapter 1. The literature review in this chapter therefore focuses on the various

approaches used for specific invasive species. We cover three species and discuss the lessons that

can be drawn from these for our analysis.

While the spruce budworm is an endemic species, surveillance and management approaches

that have been developed for invasive insect species will inform our model. These include the

emerald ash borer (EAB), the Asian longhorn beetle (ALB) and the spongy moth (SM, formerly

known as Gypsy moth). The analyses developed for these pests can be compared to the one

developed in this chapter.

3.2.1 Emerald ash borer management, the portfolio approach, and acceptance

sampling

The emerald ash borer (Agrilus planipennis Fairmaire) is a beetle native to eastern Asia

that has present throughout central and eastern Canada and the United States since at least 2002

[Natural Resources Canada, 2013a]. EAB affect both commercial and urban ash trees, and, if
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untreated, they will kill 99% of ash trees in their vicinity within eight to ten years.

Survey-and-control models are used to guide EAB management. For example, Yemshanov

et al. [2014] use a portfolio management approach and show that portfolio diversification can be

used to achieve an optimal convex combination of portfolio variance and performance when sur-

veying EAB in east-central Canada (Manitoba to Quebec). The main pathway of long-distance

EAB movement is with firewood transported between campsites, so distribution of EAB on the

landscape was estimated based on a simulated model of camper-based spread. Expected perfor-

mance2 varies across the landscape based on expectations of the likelihood of pest arrival, given

the simulated spread model. In addition to covariance between locations, the authors consider

the degree of similarity between locations dij . Given uncertainties about how ash borers spread,

surveying dissimilar locations increases the likelihood of detection in uncertain locales. This ap-

proach is beneficial to risk-averse managers, since it can overcome bias caused by avoidance of

high-error locations. The authors do not consider spatially-explicit factors such as proximity to

amenities or transportation hubs, but identify these as a potential future area of research.

A portfolio approach becomes more relevant when the parameters of the pest’s spread and

survival are unknown. In this situation, it is beneficial to target a variety of different potential

establishment points. As certainty increases, their results suggest that resources can be focused

on the most likely infestation sites, but that less-likely infestation sites should still be surveyed,

albeit at a lower intensity.

In Yemshanov et al. [2020], the authors consider acceptance sampling for EAB within the

city of Winnipeg, where uncertain EAB spread is calibrated by using observed spread in the

2The authors analogize the performance measure Ijk to a financial asset, where expected return from a survey in
region j is given by Īj . Ijk represents the distribution of performance values Ij where k = 1, . . . , N and N is the
number of elements in the set Ij .
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Minneapolis-St. Paul metropolitan area. Acceptance sampling defines an inspection method, an

acceptance threshold for action, a decision rule and a sample size. Detection errors (which is

to say false negatives) are inherent to EAB surveillance programs, and an acceptance sampling

approach will keep the number of these detection errors below a defined acceptable error rate.

The authors present an analogy of acceptance sampling as being akin to minimizing the damages

caused by undetected defective items produced by an assembly line.

Yemshanov et al. [2020] apply this approach to Winnipeg’s EAB detection and control

program. The cost of the program varies based on the intensity of survey efforts, and different

budget levels are considered. Two different objectives are considered: maximizing the expected

area with detected infestations and minimizing the expected number of undetected infestations

within all surveyed areas. The choice of objective influences the choice of strategy: the former

involves selecting likely sites close to the initially infested area, while the second, which is an

acceptance sampling approach, involves selecting areas with high host densities and high infes-

tation rates. The first strategy resembles the strategy currently used in Winnipeg to control EAB.

The authors find that if damages do vary by location, consideration of damages from undetected

infestations will encourage policymakers to select sites at larger distances from the initial in-

festation site, since damages would be more severe at these locations due to the local value of

the resources at risk. Costs are location-specific and method-specific, and depend on whether

trees are streetside or on woodlots. The authors simulate constrained optimization for different

budgets, with two sampling options (trapping and branch sampling) considered. Trapping is less

expensive but has a lower detection rate than branch sampling. The manager’s task is therefore to

select a combination of branch and trap sampling that satisfies the chosen objective. For a small

budget, branch sampling is preferred to trap sampling, and this is true for both objectives. There
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is an optimality trade-off between the objectives chosen for the two sampling strategies, and the

authors determine the frontiers of this trade-off, as well as the sensitivities of the objectives to pa-

rameters. The expected detection maximization approach was sensitive to survey costs, detection

rates and infestation rates. The undetected infestation minimization approach was most sensitive

to changes in host densities, and moderately sensitive to changes in infestation rates.

Yemshanov et al. [2020] illustrates the importance of choosing the right objective to op-

timize, since two similar approaches can have very different management implications. This

article suggests to us that an early intervention program should focus on minimizing slippage,

which will minimize the penalties from undetected infestations. Delimiting infestations should

be a second-order priority, and can even be considered a part of post-detection management.

3.2.2 Asian longhorned beetle management and the CVaR approach

The Asian longhorned beetle (ALB) is a woodborer native to northeastern Asia that kill or

degrade broadleaf trees. Their favorite host is maple, but they will also bore into other broadleaf

trees such as willows, elms and poplars [Invasive Species Centre, 2024a]. Since they have no nat-

ural predators in North America, they have the potential to cause widespread economic and eco-

logical damage should an initial invasion go unconfined. In an urban setting, ALB will decrease

the quality of street trees, which will reduce the aesthetic, environmental and health benefits of

trees.

Yemshanov et al. [2017] examine the ALB management program in the Greater Toronto

Area (GTA) with a conditional value at risk (CVaR) minimization approach. This approach

is useful because the spread of beetles is uncertain; historical data on ALB spread is used to

155



generate plausible invasion scenarios in the GTA. Furthermore, this approach is appropriate when

managers are concerned about asymmetrical damage distributions, where the reduction in utility

caused by right-tail scenarios is greater in absolute value than the increase in utility caused by left-

tail scenarios [Yemshanov et al., 2017]. Under CVaR, the objective then becomes to minimize

a weighted average of the expected damages and the conditional value at risk, with weights

depending on the risk attitude of the manager.

The management model in Yemshanov et al. [2017] is a two-stage spatial optimization

model. At the first stage, a quarantine zone is established around a known initial invasion. The

quarantine zone has a certain number of ALB host trees, a subset of which are infested. Sur-

veys are run that allow decisions about tree removal; the decision about where to deploy survey

resources is the first-stage decision, and the removal decision is the second-stage decision. The

manager must minimize the expected cost of surveys and tree removal across S different inva-

sion scenarios, subject to a probabilistic constraint for successful pest eradication for all possible

scenarios. Perfect certainty concerning eradication is not feasible, so the constraint is a margin

of safety, similar to a confidence level in a hypothesis test.

It is possible for the planner not to run surveys. If an area is potentially infested and has

not received survey resources, then it will be targeted for eradication. The costs of eradication

in the absence of surveys are high, since all host trees within a potentially infested area must be

removed. As such, the relative cost of a survey decreases if the severity of the infestation scenario

increases. Costs are thus asymmetrical, with a long right tail. The CVaR represents the expected

value in the right tail. The planner’s problem is thus reformulated as a weighted minimization of

expected program costs and the CVaR, with weights reflecting risk attitudes. Managers who are

concerned about extreme damages will be more willing to increase spending on survey resources,
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even if this leads to lower overall expected net benefits.

The management approach described in Yemshanov et al. [2017] was successful: as of

2020, the Asian longhorned beetle has been deemed eradicated in the Greater Toronto Area [In-

vasive Species Centre, 2024a].

3.2.3 Spongy moth, slowing the spread and the hot spot approach

From the perspective of a spruce budworm manager, the most informative invasive species

is the spongy moth (SM). The spongy moth (previously Gypsy moth) causes defoliation of both

broadleaf and coniferous trees, leading to death [Invasive Species Centre, 2024b].

Within their established range, spongy moth surveillance and management programs are

similar to spruce budworm programs: traps and branch samples are used to assess local popu-

lation densities, strategies can focus on either confinement or eradication, and aerial spraying is

used to administer pesticides such as BtK that affect lepidopterae. Outside of their established

range, traps are used to detect outlier SM populations that can then be eradicated. This can oc-

cur either far from the invasion front, or as part of a slow-the-spread program along the invasion

front.

Spongy moth life cycles resemble those of budworms: larvae emerge in the spring, feed

for 40 days, pupate, emerge as moths, mate and die. There are a few critical differences. For

example, pheromone disruption is a more effective management method for SM than for SBW

because female moths are flightless [Régnière et al., 2019], which is not the case for SBW. SM

often spread long distances due to transported firewood, whereas SBW typically spreads through

flight across continuous forest range.
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SM is an invasive pest whose invasion frontier is expanding. Studying the management

methods implemented along and beyond the frontier can inform spruce budworm management. In

particular, new population clusters often first emerge from hot spots beyond the current infestation

boundary. Tobin [2008] evaluates the US Slow-the-Spread program using a simulation model.

Two management zones are defined: the evaluation zone and the action zone. The evaluation zone

runs along the perimeter of the infested area while the action zone lies beyond the evaluation zone.

Within the action zone, newly detected populations are eradicated, which implies high-intensity

treatments and a high density of trap placements. In the evaluation zone, fewer traps are deployed

and treatments are minimal, being primarily aimed at reducing damages. The total width of the

evaluation and action zones is fixed at 170 km. The evaluation zone allows managers to estimate

the rate of spread, and thus reducing it will make it harder for managers to evaluate the success of

a slow-the-spread program. Reducing the width of the action zone will, for its part, increase the

spread rate. Costs are increasing in action zone width. The authors simulate spread through the

Midwest and Mid-Atlantic. As the budget increases, the spread rate across these region decreases,

directly as a consequence of an increased action zone.

Epanchin-Niell et al. [2012] consider the trade-offs between eradication efforts and surveil-

lance efforts with limited budgets. The authors develop a model and apply it to spongy moth

management in California. The model optimizes surveillance efforts to minimize total costs

and damages from SM incursions, including the costs of surveys. SM infestations are assumed

to grow radially from hot spots, with actual arrivals occurring randomly but the region-wide rate

being known. The model assumes that annual surveys are conducted, and that all detected popula-

tions are eradicated, with the eradication costs depending on the population’s area when detected.

Undetected populations continue to grow and damage trees. The choice variable in the model is
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the sample density of surveys and the objective is to minimize the total long-term expected costs

of surveillance, eradication and damages. Populations that are not detected before reaching a

certain maximum size are assigned a penalty cost, reflecting eradication and damage costs from

having reached that size undetected. There are therefore three cost components: penalty costs,

sampling costs and eradication costs.

When applying their model to California, the authors consider optimal sampling strate-

gies with and without a statewide sampling budget. The model is parameterized both for all of

California and for each of California’s 58 counties, which vary in their establishment rates and

trapping costs. The statewide parameterization shows that existing management practices are

close to optimal without incorporating heterogeneity. A county-by-county approach, however,

dramatically reduces surveillance and eradication costs. Imposing restrictions on the sampling

budget leads to increases in total management costs, as eradication and penalty costs increase.

Current county-level trap densities are close to those in the optimized heterogeneous model, but

management costs are significantly higher than under optimal heterogeneous management, driven

by inefficient allocations within a few specific counties.

Sun et al. [2019] consider British Columbia’s spongy moth eradication program, which is a

collaborative effort between the federal and provincial governments. Part of the analysis involves

the assumption that other jurisdictions will impose restrictions on BC timber products to prevent

spongy moth importation. The authors focus on European spongy moth and ignore Asian spongy

moth, which may imply underestimated co-benefits.

Starting in 1999, the Canadian Food Inspection Agency switched from an eradication ap-

proach to a slow-the-spread approach in Eastern Canada, with certain areas being designated

as restricted. Cars and trucks from Eastern Canada frequently bring spongy moth into BC, ei-
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ther through firewood transport or directly on vehicles. Border quarantine between Canadian

provinces is impossible since there are no checkpoints.

BC’s program involves monitoring, detection and eradication using Btk sprays. Total spray

costs were CAD $5.3 million from 2000 to 2015, and monitoring and detection costs were CAD

$8.6 million over the same period. Benefits consist of avoided future quarantine costs and tree

and agricultural damage. This report therefore compares the costs and benefits of management,

and the authors find a high benefit-cost ratio. SM affect both deciduous and coniferous trees,

including fruit trees, which means that they impact orchards, forests and municipal trees. Moni-

toring occurs through pheromone traps. In southern Vancouver Island and the Lower Mainland,

traps are laid in a 1.6 km grid. Outside of this area, they are placed along likely corridors. 6000

such traps are deployed across BC in high risk areas each year. If a low moth density popula-

tion is detected, the next two years will usually feature a higher density delimitation grid. If the

population increases or spreads in subsequent years, an eradication program is launched.

The program has been effective: as of 2019, the peak year for SM in BC was 1999, before

the program was fully implemented. The authors compare the costs of the current management

program to the expected net economic losses and increased quarantine burden if this program

were to be abandoned. A 35 year horizon is used, by which time an infestation would have

spread across the entire province. Yearly total program costs run from $500,473 to $2.13 million

with a mean of $897,965 from 2000 to 2015. Damages are multifaceted, with quarantine costs,

damaged commercial forests, damaged urban trees, agricultural costs and carbon emissions all

being included. Different weights and assumptions are combined, resulting in four different

scenarios. Three of the scenarios had benefit-cost ratios above one, ranging from 3.4 to 8.3. Only

in the case where tree damage is low and no quarantines are required are benefit-cost ratios below
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one, at 0.8. This is an unlikely scenario.

The approach used by Tobin [2008] differs from the approach used by Epanchin-Niell

et al. [2012] and Sun et al. [2019] because it deals with the frontier of a mature, established

SM infestation rather than long-distance spread far from the SM frontier. There is a geographic

dimension to this difference; on the East Coast, SM populations are well established and thus can

only be eradicated outside of their infested boundary. On the West Coast, eradication programs

remain feasible. Eradication significantly reduces damages relative to a controlled and steady

infestation, and thus early detection has significant positive benefits. Identifying the most at-risk

hot spots allows managers to optimize the deployment of limited sampling resources.

The methods developed for spongy moth outbreak management in western North America

can be readily adapted to the study of the spruce budworm early intervention strategy. Spread

rates, establishment events, and the penalties of late treatment are all relevant features for a SBW

decision support model, and are included in the present chapter’s analysis. In particular, estab-

lishment rates in SM analysis correspond to the rate of hotspot establishment in SBW analysis,

and the penalties of an SM infestation being allowed to mature are widespread, which resembles

how missing a budworm hotspot will lead to an outbreak that affects timber values well outside

of the initial hotspot.

3.3 Surveillance for a spruce budworm early intervention strategy

The model elaborated in our chapter is based on the early intervention strategy (EIS) used

in New Brunswick, Nova Scotia and Newfoundland and Labrador. In this section, we review the

sampling methodology used in these provinces for EIS programs, the factors that determine the
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likely long-range and short-range spread of spruce budworms, and discuss how these relate to

our modeling approach.

3.3.1 Background on current spruce budworm sampling

Spruce budworms go through several instars before they pupate and ultimately reproduce.

While different provinces have different approaches to spruce budworm sampling, second instar

(L2) sampling is used in Quebec and Canada’s Atlantic provinces to determine population in-

ventories for the upcoming year of operations. The second instar occurs in the winter and early

spring [Talerico, 1983], so this is when forest managers in these provinces will collect budworm

samples [Carleton et al., 2019, Johns et al., 2019].

MacLean et al. [2019] describe a sampling method that is typical of the one used in New

Brunswick. The authors sampled one mid-crown branch from each of three balsam fir or spruce

trees within a given location. Some samples were collected by partners in the forestry sector.

Samples are sent to a lab, and the three-branch average is the amount of budworms for a given

survey location.

It is expected that, for any given survey, some spruce budworm larvae will be found on

the branches of sampled trees, since spruce budworms are an endemic species in Eastern Canada

and thus always found at low levels in the landscape. MacLean et al. [2019] use a threshold of 7

second-instar larvae per branch in order to target treatments in an EIS program. This threshold

was based on a survey in southern Quebec from 2012 to 2015, and represents an Allee threshold

past which one would expect positive larval population growth rates and eventual outbreaks.

This density of budworms is significantly lower than the density at which trees would begin to be
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defoliated by budworm feeding.

The sampling procedure for EIS in New Brunswick is explained in Carleton et al. [2019].

Sampling has two phases. The primary sampling phase casts a wide net over the province, al-

though samples are more concentrated in the North. Supplementary sampling will complement

the primary phase, based on previous-year populations, observed defoliation, pheromone trap

counts and the results of the primary phase. The aim of sampling is to have as complete a picture

of the current extent of the spruce budworm population above the Allee threshold density in New

Brunswick as possible, with the highest degree of precision in areas that have been identified for

treatment.

The alternative active management strategy to EIS is foliage protection, or FP. While the

objective of EIS is to find rising budworm population hotspots and treat them before they reach

a stage where they damage forests, the objective of an FP program is to mitigate the defoliation

damages from, and slow the spread rate of, an active budworm outbreak. EIS and FP cannot be

implemented in the same stages of an outbreak. EIS must be implemented prior to the outbreak,

while FP must be implemented after the outbreak begins.

While sampling occurs under both EIS and FP, the objective of sampling differs. The

choice of EIS or FP is primarily motivated by geography, available resources and the stage of

the budworm outbreak in the area under management. New Brunswick, which runs EIS, collects

budworm samples over a much larger proportion of its forest than Quebec, which currently only

uses an FP strategy in parts of the province under active management. There are a few reasons

for this. New Brunswick is smaller than Quebec, has a forest that is more connected by road, has

a forestry sector that is of higher relative economic importance, and has a higher percentage of

privately-owned forest land. Spruce budworm sampling in Quebec is meant to support foliage
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protection efforts, and foliage protection requires less extensive sampling than early intervention.

In some regions of Quebec, such as Abitibi-Témiscaminque, very little active spruce budworm

management occurs, and as such there are hardly any samples taken. FP programs are run on

a very limited scale in these regions, with most outbreaks being allowed to naturally run their

course. New Brunswick, on the other hand, samples forests in the north and south of the province,

despite budworm only being present at large levels in the North. This is done because the south

could still face pressure from northern budworm invasions.

3.3.2 Aerial and satellite surveys

In Canada, each province has a forestry ministry, and these ministries will fly aerial sur-

veys to inventory their forests and assess their health. These flights are generally funded by a

different budget than those used for forest protection programs, as they have multiple purposes

outside of insect management. These flights have traditionally been used to detect defoliation

from budworms, and they remain the primary method through which defoliation maps are pro-

duced [Rahimzadeh-Bajgiran et al., 2018]. In these defoliation maps, blocks of visible defoliation

will be classified according to severity [MFFP, 2017]. For example, Quebec will classify defoli-

ation into three categories: light (1%-35% defoliated), moderate (36%-70% defoliated) or severe

(71%-100% defoliated) [SOPFIM, 2022].

Recent advances in satellite technology have meant that defoliation is now also continu-

ously detected via satellite imaging3 [Rahimzadeh-Bajgiran et al., 2018]. Defoliation only be-

comes visible from a satellite or plane once it has become ubiquitous on a tree and has reduced

3Different provinces use different satellites to assess defoliation. New Brunswick uses Sentinel-2 [Bhattarai et al.,
2021] whereas Quebec uses Landsat [MRNF, 2023].
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its photosynthetic capacity. While satellite detection used to use a binary defoliated/healthy clas-

sification, recent advances have made it possible to classify satellite imagery into the same defo-

liation classes that are used in aerial surveys [Donovan et al., 2021]. Regardless of the method

used, a significant amount of foliage must be lost before aerial or satellite surveys can detect and

classify defoliation. As such, it is reasonable to assume that by the time aerial detection occurs,

an EIS program will no longer be feasible. The precise threshold of defoliation for which EIS

cannot successfully reduce the budworm population to an endemic level is uncertain, but appears

to be at around 28% defoliation [Johns et al., 2019]. This is considered a light level of defoliation

by both Quebec and New Brunswick, and a foliage protection program would still be able to

reduce the damages caused by budworms at such a level.

3.3.3 Hot spots, establishment and long-distance spruce budworm spread

While most of the models described in section 3.2 focused on detecting the introduction of

a nonnative species to a location, spruce budworm management will aim to identify locations on

the landscape where the endemic population is entering an outbreak condition. More specifically,

with spruce budworms, under the double-equilibrium theory, the corollary to an establishment

event is an in-migration of moths from other affected regions that cause local populations to

increase in density and eventually result in expanding areas of defoliation. Based on prior work

on invasive species surveillance, as described above, optimal targeting and investment levels

for EIS surveys are expected to depend on both the frequency and location of potential new

outbreaks, and on how such an outbreak (which is to say a high local population level) expands

locally once it begins. To estimate where outbreaks might start, we must understand the factors
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that attract moths to land and breed in a stand. When a given stand attracts a sufficient amount of

moths, it will exceed the Allee threshold and become an outbreak hot spot.

The early dynamics of spruce budworms are not widely understood, and this is especially

true for the origin points of spruce budworm outbreaks, which the term hot spot describes in

our context. The apparent existence of hot spots was noted by Candau et al. [1998] and further

explored in Candau and Fleming [2005]. These authors found that certain factors such as seasonal

extremes and the abundance of susceptible foliage favor the establishment of a hot spot.

Bouchard and Auger [2014] explicitly seek to explain the occurrence of outbreaks, with a

focus on finding hot spots. The authors study the early phase of an outbreak in Quebec (2002-

2011). Nine epicenters are defined, each 75 km from one another. To predict the occurrence of an

outbreak epicenter, the authors look at stand composition, age class and landscape features. The

two most important predictors of a hot spot are elevation (negatively correlated with probability

of defoliation) and balsam fir abundance (positively correlated with probability of defoliation).

Spatial correlation can be observed up to 800 km, at a declining rate, after which spatial corre-

lation is essentially null. Defoliation persists within cells, so modeling outbreaks as spreading

from hot spots represents a reasonable assumption.

Chen et al. [2021] also simulate long-distance spread across a landscape. Using data

collected from 1975 to 1985 over the totality of Maine, the authors develop a spatiotemporal

continuous-time model that predicts defoliation across a landscape. Wind dispersal is what sus-

tains outbreaks over time, and outbreaks become ubiquitous after three years. The authors find

that July wind velocity and direction in the previous year provide a good predictor of spread from

defoliated regions to new hosts, along with temperature, tree mix, and elevation. The model is

more sensitive to changes in wind velocity than to changes in wind direction. The authors note
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that an infestation in western Quebec that progressed against the direction of the prevailing wind

occurred in a forest that was surrounded on its downwind side by hardwood trees, and that spread

upwind was slower than in other similar outbreaks. The authors also argue that differences in

elevation matter more than elevation itself. Moths taking off from lowlands are likely to be in-

tercepted by higher ground, whereas moths taking off from high ground will fly higher from the

onset. While the Chen et al. model is too complex for our purposes, its findings help guide our

thinking when parameterizing the outbreak likelihood ej(t), described in equation (3.1).

In our model, we draw on the findings from Bouchard and Auger [2014] and Chen et al.

[2021] to predict the locations of future hotspots by developing a model of relative risk based on

elevation, where the risk of an outbreak is at its lowest in the most elevated part of the landscape

and at its highest in the least elevated part of the landscape. Our model averages elevation across

the individual zones of the landscape, and thus cannot capture local variations in elevation within

a zone.

3.3.4 Short-distance spruce budworm spread

Candau et al. [1998] noted that the hot spots they observed were surrounded by radial gra-

dients of decreasing defoliation frequencies, and this was equally noted in Bouchard and Auger

[2014] and Chen et al. [2021]. Defoliation will drive budworms to seek new hosts in their imme-

diate vicinity, and they will switch from balsam firs to white spruce as they exhaust local supplies

of balsam fir [Greenbank, 1963].

Using the transition equations described in Ludwig et al. [1978]4, Kabir [2021] determined

4This paper, which is described in Chapters 1 and 2 of this dissertation, was the first to propose a mathematical
model for budworms, tree energy reserves, and tree biomasses using continuous time transition equations.
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that a travelling wave solution best models short-distance spruce budworm spread. On a uniform

square landscape, this means that spread will be radial from the initial infestation point. The

outbreak will quickly converge to a circular shape, even if the initial shape of the infested area is

not circular, and this outbreak will eventually fill the entire landscape.

While the literature on hot spot establishment is sparse, the literature on short-distance

spread patterns is practically non-existent, with Kabir being the only paper we found that focuses

exclusively on short distance spread from an outbreak. Fortunately, defoliation data from the

SOPFIM [2021], Quebec’s insect management corporation, can be used to calibrate a spread

model. This is described in sub-subsection 3.5.4.4.

3.3.5 Treatment under EIS

Treatment under an EIS program is conceptually simple. Liu et al. [2019] explain the

rule that a treatment program will employ under an EIS program. Samples are collected as

described above, and a positive detection will trigger a treatment block. If a density of less than 6

L2/branch is detected, no sprays occur. If density is between 7 and 20 L2/branch, a single spray

is administered. If more than 20 L2/branch are detected, then two sprays are administered. Given

that the treatment program for EIS depends on a simple decision rule, we assume that treatment

under EIS is automatically triggered, rather than a choice variable.

Carleton et al. [2019] discuss post-sampling operations for EIS. These have three phases:

risk assessment, treatment planning, and block planning. Risk assessment combines the results of

the L2 survey with the New Brunswick forest inventory. Stand susceptibility is higher when the

combined spruce and balsam fir percentage is higher. Susceptible stands in and around areas with
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high or rising L2 levels are then prioritized for treatment. Using prioritized treatment areas as

inputs, the treatment planning phase will use a model developed by FORUS Research to optimize

treatment patterns5.

Each detected hot spot results in a treatment block around the hot spot. We do not directly

incorporate all of the complexities of EIS spray treatment into our model; the assumptions and

simplifications we use are outlined in subsection 3.4.5.

3.4 Conceptual framework of the model

This section outlines the theory underlying our model. It proceeds as follows. First, we

review the CESAT model developed by Epanchin-Niell [2020], which we adapt to a new model

which represents the particularities of SBW management. We then describe the features of the

new model, including the landscape, the spread of the budworm and the budget and decisions

available to the planner. The mathematical formulation of our model is presented in section 3.5.

Our model focuses on optimal survey planning. We take as given that treatment blocks are

optimized. This is appropriate given the nature of EIS operations, wherein all surveyed blocks

that are flagged as being above acceptable threshold levels will be included in scheduled treatment

blocks. The conceptual framework therefore assumes that treatment is a response rather than a

choice variable.

Subsection 3.4.6 provides a simple graphical description of how the model works. It shows

how propagules establish themselves in the landscape to become outbreaks and how surveys can

5In addition to prioritized blocks, parameters for treatment planning involve flight direction, turns, fuel burn,
product deposition and treatment budget. Block planning is the last step before treatment flights. It determines
whether Btk or tebufenozide should be used, as well as how setbacks such as opt-outs, settlements and waterways
could impact optimal treatment blocks. These setbacks will be respected by the aircraft spray system.
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then find these outbreaks.

3.4.1 Modeling approach: CESAT

The CESAT model outlined in Epanchin-Niell [2020] provides a good starting point for our

work. The CESAT, or Cost-efficient Surveillance Allocation Tool, is a bioeconomic model that

aims to optimize surveillance investments in order to minimize total surveillance, pest control

and pest damage costs from potential introductions or outbreaks of pests across a landscape. The

two questions to be answered when allocating resources are "where" and "how many" surveys or

samples to deploy across the landscape in order to detect new outbreaks earlier. The value from

earlier detection arises from being able to control the pest when it is less expensive, causes fewer

damages, and can be more feasibly eradicated. We need to determine where survey resources

should be deployed, and we need to determine how many surveys should be deployed to these

locations to minimize long-term pest damage and management costs.

Under CESAT, and similar to Epanchin-Niell et al. [2014, 2012], pests are assumed to have

an annual probability of establishment within a given location, and grow radially until detected

and treated. Treatment and damage costs are increasing with time following establishment (i.e.

increasing with the size of the incursion), as is detectability. Detection happens either through

formal surveys or through background sources of detection such as citizen science. Establish-

ment and detection are both treated as probabilistic processes, with the model keeping track of

expected numbers of outbreaks on the landscape and detected outbreaks over time. An age class

model is used to describe transitions in population ages or sizes and between undetected, detected

but untreated, and quarantined populations. Quarantined populations are assumed to grow at a
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slower rate than untreated populations due to treatment. Populations that are eradicated following

detection are removed from the landscape.

In the baseline CESAT model, survey costs are assumed linear and increasing in sample

density. Treatment, damage and eradication costs are assumed to depend on the pest outbreak

size at detection. Detection probability depends on the density of surveys at a site, sensitivity of

the sampling tool, and the size of an outbreak in each time period, such that detection depends

on the both probability of a sample intersecting the outbreak and the sensitivity of the sampling

method. Combining these features, total expected control and damage costs are convex and

decreasing in trap density, because sampling increases the likelihood of detecting populations

when they are less costly to manage.

Equating the marginal costs of surveys and the marginal benefits of surveys (i.e. marginal

avoided control and damage costs) would yield an optimal investment solution in a simple case.

In practice, due to the complexity of the model, CESAT identifies the optimal survey allocation

using a "greedy" algorithm that allocates surveys iteratively across sites based on the additional

net benefits of each survey in terms of reduced damage and management costs. The model can

therefore identify optimal survey allocation with or without a constrained budget.

In the model, sites can vary in terms of damages, probability of passive detection, and

pest introduction rate. Pests can vary in terms of survey sensitivity and cost, quarantine efficacy

and cost, growth rate, and eradication cost. The model can therefore identify optimal survey

allocation with or without a constrained budget. The model optimizes a fixed-time, spatially

varying surveillance strategy that is deployed across a specified time horizon. Damages from

non-detected or non-eradicated populations can persist beyond the survey time horizon. The

CESAT model is implemented in R [R Core Team, 2021], as is our adapted version of the model.
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3.4.2 Model application to EIS for SBW

We adapt the model from Epanchin-Niell [2020] to capture the biological and management

context for potential EIS sampling for SBW in Quebec. As in prior work, we assume that the

objective of the forestry manager is to deploy surveillance resources to jointly minimize manage-

ment (survey and control) and damage costs from SBW outbreaks.

It is important to note that we use the word "outbreak" in the following section to describe

an area where budworm population levels are rising above endemic levels. This should not be

confused with the more commonly discussed notion of a spruce budworm outbreak, which will

involve massive foliage consumption across a large landscape and which cannot be treated using

EIS. We are essentially using the word outbreak to describe the conditions which, left untreated,

would inevitably result in a large-scale outbreak across the landscape because the population has

increased above the Allee threshold.

We assume that the manager’s goal is to determine the locations where surveys should be

deployed across the landscape as part of an EIS program to minimize total management (control

and survey) costs and damages (to forest value) from SBW. This is accomplished by placing sur-

veys where they will provide the greatest benefit, by enabling early detection and treatment of

radially-growing SBW infestations before they reach levels that cause defoliation. If detected be-

fore reaching a stage that causes defoliation, we assume that treatments can reduce SBW popula-

tions back below the Allee threshold and avoid all defoliation and associated damages. However,

once an outbreak exceeds a given size, generally the size when defoliation becomes detectable by

ongoing aerial surveys, EIS control efforts are no longer effective, and foliage protection efforts

will be implemented instead. Foliage protection reduces defoliation and tree mortality, thereby

172



limiting damages [Chang et al., 2012a], but does not prevent the spread of the outbreak. Because

populations cannot be eliminated once they exceed a threshold size, surveys only provide benefits

if detection occurs below that threshold. Thus, similar to Epanchin-Niell et al. [2012], we assume

that if a population achieves a given size without detection, a penalty cost is incurred that rep-

resents the long-term costs and damages from the outbreak, as moderated by foliage protection

efforts.

In our model of optimal surveillance and control, we assume that new outbreaks arise from

long-range dispersal (similar to establishment events for nonnative species) that augments local

populations to above the Allee threshold, as discussed in subsection 3.4.4. A new outbreak will be

detected by EIS surveys if a survey happens to be implemented within the extent of the outbreak

area.

3.4.3 Budworm arrival and establishment

Budworms are assumed to always be present at low levels throughout the landscape, form-

ing an important part of the ecosystem. Outbreaks occur when their numbers exceed an Allee

threshold [Johns et al., 2019]. Budworm spread occurs when local competition for resources cre-

ates pressure on the population, fuelling out-migration. Spread will occur in two ways: locally,

over short distances, and in long-distance flights. When budworms migrate to new stands, they

mingle with local populations. If the combined local population exceeds the Allee threshold, an

outbreak will occur.

Our model considers the source of migration to be from outside the landscape. Propagule

(i.e. migrant moth) pressure is thus an external parameter. We assume that invasion events happen
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at a set rate, with the rate being allowed to vary in sensitivity analysis. Once propagules arrive

into a zone, the likelihood of successful establishment will depend on the elevation of the zone.

A moth migration that lands at a higher altitude will be less likely to succeed.

3.4.4 Budworm spread across the landscape

If a successful establishment event does occur in a zone, then an infestation of minimum

size will be established and grow. Our model assumes that short-distance spread occurs radially.

As the size of the infestation increases, surveys will be more likely to find it.

Once the outbreak reaches a certain size, it becomes visible through aerial detection. At

this point, we consider it too large for EIS to be successful, and that it will be instantly detected.

Crossing this threshold will force the manager to switch to a foliage protection program. These

consequences are discussed below in subsection 3.4.5.

3.4.5 Surveillance, treatment and penalties

Our model defines surveys as detection surveys, and determines the annual deployment

of these surveys on our landscape. While delimiting surveys are a feature of EIS [Johns et al.,

2019], we consider this second wave of sampling to be included in post-detection management

costs and thus do not model it. Our model functions with and without a budget. The budget, if

used, applies solely to surveys. Treatment decisions are assumed to be unconstrained by cost.

The cost of surveys is uniform for all sampling sites. Only one sampling method is used, and it

is assumed to be equally effective across the landscape.

The planner selects how many sampling points to deply in each region of the landscape.
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If at least one sample intersects with an infestation, then the EIS treatment program will be

triggered.

Treatment is thus an automatic feature of the model rather than a choice variable. Each

positively identified infestation that is below the visibility threshold will be treated in the same

way, at the same cost and over the same area, whether the infestation is a year old or five years

old. The effect will be the same: we assume that treatment is effective and will thus prevent all

damages from an undetected outbreak as long as the infestation is found before it becomes visible

through aerial detection. There is a penalty for not finding an outbreak before it crosses the aerial

detection threshold. This penalty consists of the combined present value of the yearly costs of a

foliage protection program and the damages to timber revenue that cannot be prevented through

foliage protection. As discussed in subsection 3.5.4.6, we quantify these costs by adapting the

method elaborated by Chang et al. [2012a].

3.4.6 A graphical description of the model

The figures in this subsection were created using the TikZ package for LATEX [Tantau, 2013].

The timeline of events within a period t is shown below:

Initial condition
New establishment

Surveys
Treatment

Growth
t+1 initial condition

The initial condition represents the state of existing budworm outbreaks at the onset of

time t. These are supplemented by additional establishments. Surveys will be deployed on the

landscape, and treatments will then target identified outbreaks. Remaining undetected outbreaks

will finally grow, which will result in the initial conditions in the next period.

The figures below are a representation of a potential realization of our model, rather than a
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direct description of how our empirical model operates.

Let us consider a single landscape with J = 9 equally-sized zones. As a simplifying

assumption, let us assume that these are distributed as a square.

1 2 3

4 5 6

7 8 9

Dark green squares have a high outbreak likelihood. Light green squares are low value

and at low outbreak likelihood. We expect that, on average every year, there will be propagule

pressure resulting in three expected outbreaks on the landscape (
∑9

j=1 ej(t) = 3). If we assume

that stands with high likelihood are twice as likely to be affected by outbreaks as low likelihood

stands, then this means that eHj (t) = 2
5

and eLj (t) = 1
5
, although the precise locations where

propagules land are unknown.

Suppose that, in period t = 1, the realization leads to two successful establishments on our

landscape, in zones 1 and 8. On the diagram below, established infestations are shown as red

dots.

1 2 3

4 5 6

7 8 9

The budget allows for fifteen surveys a year within our landscape. Optimal survey deploy-

ment strategies will depend both on outbreak likelihood and on the timber value at risk from a

successful outbreak establishment. For illustrative purposes, let us consider a scenario where
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the identified optimal sampling strategy (i.e. the strategy that minimizes the expected costs and

damages from SBW) deploys one survey to each low-risk zone and two surveys to each high-

risk zone. This is illustrated by the blue arrows in the diagram below. If the survey (arrowhead)

intersects an outbreak (red dot), the outbreak is detected and will be eradicated with probability

1.

1 2 3

4 5 6

7 8 9

Surveys

In this example realization, a survey intersects the infestation at j = 1, so that the outbreak

is detected and eradicated, incurring that control cost. The infestation at 8 will continue to grow,

as the survey sent into zone 8 does not find it.

In the next year (t = 2), there are four successful establishment events on the landscape, at

j = 3, 4, 5 and 9. The outbreak in zone j = 8 will have grown from the last period, and is thus

larger than the four new infestations.

1 2 3

4 5 6

7 8 9

The survey budget allows for fifteen surveys again. Again, two surveys are sent into each

high-risk zone, and one survey is sent into each low-risk zone. The locations within zones to

which surveys are sent will be different.
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1 2 3

4 5 6

7 8 9

Surveys

The existing outbreak at j = 8 is found and eradicated at the same cost as for the infestation

at j = 1 last period. The new outbreaks at j = 4, j = 5 and j = 9 are found and eradicated.

The outbreak at j = 3 will continue to grow until it is detected by a sample in a future period

or until it reaches a threshold size where it is detected by aerial survey. If the outbreak at j = 3

reaches the size where it is detected by aerial survey, eradication will not be feasible, the manager

will instead seek to minimize damages through foliage protection, and those associated costs and

damages will be incurred.

3.5 Mathematical specification

In this section, we provide a mathematical specification for the conceptual model described

above. Subsection 3.5.6 provides tables that summarize all variables and parameters described in

this section.

We employ a fixed time horizon, T , which reflects the approach used in Chang et al. [2012a]

and Liu et al. [2019]. The basis of our model is an age-class model, which we first describe for a

single zone. We then show how it would be specified for multiple zones, which will correspond

to the empirical implementation described in sections 3.6 and 3.7.
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3.5.1 The age-class model

Initially, we specify the model formally for a single site of area M . Assume an annual like-

lihood of a new outbreak starting equal to probability e(t). Following the start of an outbreak, the

population grows and spreads across the landscape according to an underlying growth function,

such that in the absence of control efforts the population occupies an area A(a), dependent on its

age a. In each time period, the population may be detected by survey efforts or not. If detected

prior to reaching a threshold size6 Aθ, the outbreak is suppressed back below outbreak levels and

eliminated. However, if the outbreak reaches size Aθ without being detected, we assume that it is

detected through aerial surveys and managed via foliage protection, incurring a net present value

damage cost Cd.

We model population dynamics using an age-class model, in which we define a set of

population age classes a ∈ {1, 2, . . . , aθ} and xa(t) is the expected probability of an undetected

outbreak of age a being present at the focal site at time t. For a population of age a = 1, this

equals the probability of a new outbreak introduction e(t). Any existing outbreaks transition to

age class a+1 in the following time period if undetected. Thus, an age class model for undetected

populations can be specified as:

xa(t+ 1) =


e(t) for a = 1

xa−1(t)(1− pdet(a− 1, S)) for a = 2, . . . , aθ

(3.1)

where pdet(a, S) is the probability of detecting an outbreak of age a given an investment S

6We use θ in this context as an abbreviation for the word "threshold".
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in EIS detection surveys7. Following detection, a population of age < aθ will be eliminated for a

fixed treatment cost8 Cτ . The expected number of detected outbreaks ydet in a given time period

t is:

ydet(t) =

aθ−1∑
a=1

xa(t)(pdet(a− 1, S)) (3.2)

All populations that reach size Aθ undetected incur fixed cost Cd and are removed from the

model.

3.5.2 Detection probability

The probability pdet(a, S) that a population is detected in a given time period increases with

survey investment S at the site, the size of the population A(a) (measured as areal extent) and

survey sensitivity ys, which is defined as the likelihood that a survey will detect the outbreak if

the survey is placed within the outbreak’s areal extent. We also assume that survey placement

is random with respect to the location of outbreaks, through one or both being random in space

within the susceptible area of a site. The probability that a given population is detected by a

survey (i.e., that at least one deployed survey successfully detects the outbreak) can therefore be

estimated as a binomial distribution, where the number of trials equals the number of deployed

surveys S, and the probability of success for each trial equals the survey sensitivity (ys) times

the probability of the survey intersecting the outbreak (the area of the population divided by the

area of the focal site A(a)
M

, or 1 if the outbreak is larger than the site). Therefore, the probability

7S is the number of surveys per year.
8Under EIS, the cost of control is fixed: if a population is detected before it exceeds the FP threshold, then it

can be treated at a fixed cost. A radius of approximately one kilometer around the perceived epicenter is treated,
consistent with literature on EIS implementation [Liu et al., 2019]. This will be large enough to reduce an early
infestation to an endemic level.
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pdet(a, S) that an outbreak present at a site is detected by a survey in a single time period is given

by:

pdet(a, S) = 1− (1− ys
A(a)

M
)S (3.3)

The model assumes that the total costs of surveillance at a site depend linearly on the

number of surveys deployed at the site, with the cost per survey equalling Cs and total monetary

annual survey investment at the site indicated by CsS.

3.5.3 Net present value of expected costs and damages

The net present value (NPV) of expected costs and damages resulting from invasion estab-

lishment, detection, and management can be determined dependent on the level of investment in

pest detection surveys. We consider application of a constant surveillance strategy (i.e., a con-

stant investment level) over a fixed time horizon T and evaluate the total net present value of costs

and damages associated with that strategy, including damages from all outbreaks that establish

during the course of the surveillance program and those that were present on the landscape (but

not yet detected) at the start of the program.

We assume that, prior to the start of the surveillance program, populations were arriving

at a background rate e(t) and probability of detection pdet(a, 0). Thus, the expected number of

undetected outbreaks present at the site at the start of the program (t = 1) can be calculated by

recursively solving the following equations beginning at t = −Tpast (where Tpast is the oldest

population considered for detection at the start of the surveillance program) and iterating until

reaching t = 1:
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xa(t+ 1) =


e(t) for a = 1

xa−1(t)(1− pdet(a− 1, 0)) for a = 2, . . . , aθ

(3.4)

Recognizing that xa(t) is a function of S, we can rewrite it as xa(t, S). We can then calculate

the net present value of total expected costs and damages with discount rate δ of investing S in

pest detection surveys for T consecutive time periods (excluding surveillance costs) as:

TCD(S) =
T∑
t=1

(ydet(t, S)Cτ + xaθ(t, S)Cd)(1 + δ)1−t

+

T+aθ∑
t=T+1

(xaθ(t, 0)Cd)(1 + δ)1−t (3.5)

The first term represents the net present value of total control costs for outbreaks detected

during the survey program, plus the total damage costs from populations that reached the thresh-

old size without detection. The second term sums the damages from outbreaks that are not de-

tected before the end of the survey program.

The total costs of surveys over this time horizon are calculated as:

TCS(S) =
T∑
t=1

CsS(1 + δ)1−t (3.6)

The objective for a single site is then to solve for the investment level S that minimizes the

total expected costs of surveillance, treatment, and damages, which is to say equations (3.5) and

(3.6). This optimization can then be applied across all sites.

One also can calculate the expected net benefits of any given investment level as the re-
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duction in expected costs and damages with surveillance investment S relative to those without

investment:

NB(S) = TCD(S = 0)− TCD(S)− TCS(S) (3.7)

3.5.4 Model with multiple zones

Having established the age-class model on a single zone landscape, we specify it across a

landscape with multiple zones.

Our landscape is subdivided into zones of susceptible forested area9 Mj where j ∈ {1, . . . , J}

is a unique zone index for each zone. The parameterization of zones is discussed in subsection

3.6.3. Hectares are the unit for Mj . We use the zone index j to define all parameters and attributes

unique to each individual zone Mj .

Thus, the variables and functions described in our age-class model can be given spatial

subscripts j as appropriate. Certain parameters are spatially invariant. We start by describing

these parameters.

3.5.4.1 Spatially invariant parameters

There are seven parameters that are spatially invariant and thus identical between the model

described in subsection 3.5.1 and the model with multiple zones.

The threshold for aerial detection is assumed to be equal across the landscape. Thus, there

are no spatial subscripts on Aθ or aθ. The time to reach this threshold is identical across the

9Other features such as cities and bodies of water are excluded from the calculation of Mj . This becomes relevant
during the calibration of Mj in subsection 3.6.3.
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landscape.

The survey and treatment cost parameters Cs and Cτ are identical across the landscape.

The survey sensitivity ys is also uniform.

Finally, there is a single time horizon T and a single discount rate δ for the entire landscape.

3.5.4.2 The yearly budget

Our model features an optional10 yearly surveillance budget B, which is allocated spatially

across the landscape. If survey costs are identical across the landscape and given by Cs, then the

yearly budget is:

B ≥
J∑

j=1

CsSj (3.8)

If there is a survey budget, it will constrain yearly survey operations. Without a yearly

survey budget, the number of surveys will be determined by net benefit maximization. The

number of surveys per site per year is Sj . These are time invariant: if three surveys are placed in

year t = 1, three surveys will be placed in year t = 2.

3.5.4.3 Outbreak risk

The background outbreak risk varies spatially, such that we can write it as ej(t). The

components of this risk are the landscape-wide propagule pressure, the risk rating of zone j, and

the size Mj of j.

10The simulation model can function without a surveillance budget, and is thus an option to be chosen when
running the model.
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3.5.4.4 Local spread and presence on a multi-zone landscape

The total area of infestations at j is given by A(aj), and the expected probability of an

undetected infestation is given by xa
j (t). Areal spread is modeled using a quadratic equation.

Writing the radius of A(aj) as r(aj), the growth rate of A(aj) is given by:

r(aj + 1)− r(aj) = α1r(aj)− α2r(aj)
2 (3.9)

Equation (3.9) therefore describes the functional form of the age-class model for A(aj).

3.5.4.5 Finding outbreaks on a multi-zone landscape

The probability of detection in j is given by:

pdet(aj, Sj) = 1− (1− ys
A(aj)

Mj

)Sj (3.10)

The expected number of detected outbreaks is given by:

yj,det(t) =

aθ−1∑
a=1

xa
j (t)(pdet(aj − 1, Sj)) (3.11)

3.5.4.6 Forest damages

Damages vary according to location, with Cdj being the net period t value of damages from

an outbreak in zone j. This rating will be unique for each zone j, and it will be incurred at the

time period t when the outbreak exceeds the threshold.

Damages occur over an outbreak horizon, and this horizon is the same regardless of how
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far into the future Cdj is incurred. It will not be interrupted by reaching the end of the planning

horizon T .

3.5.5 Objective function with and without a constraint

The net present value of treatment costs and damages in zone j are given below:

TCD(Sj) =
T∑
t=1

(yj,det(t, Sj)Cτ + xaθ
j (t, Sj)Cdj)(1 + δ)1−t

+

T+aθ∑
t=T+1

(xaθ
j (t, 0)Cdj)(1 + δ)1−t (3.12)

The net present value of survey costs is given by:

TCS(Sj) =
T∑
t=1

CsSj(1 + δ)1−t (3.13)

The risk-neutral objective function is given by:

min
Sj

J∑
j=1

[TCD(Sj) + TCS(Sj)] (3.14)

subject to the constraint, restated from equation (3.8) as:

B ≥
J∑

j=1

CsSj

Thus, the manager minimizes program and damage costs by using survey resources, subject

to the survey budget if applicable. If B >
∑J

j=1CsS
∗
j where

∑J
j=1 S

∗
j is the set of survey values
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that minimizes equation (3.14), then the budget will not constrain survey allocation.

In each zone, the net benefit function is given by:

NB(Sj) = TCD(Sj = 0)− TCD(Sj)− TCS(Sj)

The sum of net benefits is therefore given by

J∑
j=1

NB(Sj) =
J∑

j=1

TCD(Sj = 0)− TCD(Sj)− TCS(Sj) (3.15)

Since
∑J

j=1 TC
D(Sj = 0) will be constant for each j, minimizing equation (3.14) is the

same as maximizing equation (3.15).

3.5.6 Summary of model parameters and primitives

The following tables summarize the model parameters that are used as model inputs and

provide their location in the text.
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Table 3.1: Model primitives

Symbol Name Description Location in text Value/units
T Timeline. Number of years

over which our
program is run.

Named in sec-
tion 3.4 and
established
in subsection
3.5.4.6.

Set at thirty years,
following Chang
et al. [2012a].

δ Discount
rate.

Used to calculate
the net present
value of cost pa-
rameters

See subsection
3.6.6.

Baseline is 5%.

B Survey pro-
gram bud-
get.

Surveys only, all
other activities
are excluded.
The sum of Csj

cannot exceed B.

See equation
(3.8)

$CAD total.
Budget will vary
as part of sensi-
tivity analysis,
and is optional.

J Number of
zones.

Each j ∈ J is
an indexed zone
within our land-
scape.

Described in sub-
section 3.6.3. See
Figure 3.2 for the
map of zones in
our landscape.

The index in our
model is IEQM
block index (e.g.
22A) combined
with BMMB
zone index (e.g.
187).

Mj Size of j Susceptible forest
area within a
zone j.

Established in
section 3.5.4

Measured in
hectares.

Aθ Threshold
area, at age
class aθ.

Area for which
automatic aerial
detection oc-
curs and foliage
protection is
triggered.

Established in
section 3.5.1

Measured in
hectares.
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Table 3.2: Cost and damage parameters

Symbol Name Description Location in text Value/units
Cs Survey

costs.
Constant across
landscape.

See equation
(3.8)

∼ $75 CAD
per sampling
location.

Cτ Spray
costs.

Cost of eliminat-
ing an outbreak
if it is detected
when small
enough for EIS to
be effective. We
consider these
costs exogenous
and fixed in
structure.

See equation
(3.5)

Range of $40-
$115 CAD per
hectare, 320
hectares, total of
$12800-$36800
CAD.

Cdj Damages to
forests due
to an infes-
tation.

Described in de-
tail in subsection
3.5.4.6.

See subsection
3.5.4.6

Measured in
present value
CAD (30 year
horizon). Can
also be measured
as CAD/ha.

Table 3.3: Spread variables and parameters

Symbol Name Description Location in text Value/units
aj Age class

of infesta-
tions at j.

Measure of the
maturity of an
outbreak.

See subsection
3.5.1

Integer,
a = 1, . . . aθ.

A(aj) Areal ex-
tent of
infestations
at j.

Increasing in aj ,
with spread pat-
terns not depend-
ing on landscape
features.

See subsection
3.5.1

Measured in
hectares.

ej(t) Outbreak
likelihood
at j.

This is the like-
lihood of an
outbreak occur-
ring at j in each
t.

See subsection
3.5.4.3.

Can be expressed
as a scalar or as a
relative rating be-
tween 0 and 1.

xa
j (t) Probability

of an un-
detected
outbreak at
j at time t.

Like aj , xa
j (t)

is an age-class
model.

See equation
(3.4).

Equal to ej(t− 1)
if aj = 1.
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Table 3.4: Survey variables and parameters

Symbol Name of
variable

Description Location in chap-
ter

Value/units

Sj Surveys
sent to
zones j.

If sj = 0, no sur-
veys are sent to j.

See subsection
3.5.4.2.

Integer
(0,1,2,. . . ),
determines sur-
vey intensity.

ys Survey sen-
sitivity.

Success rate of
surveys. Con-
stant across land-
scape.

See subsection
3.5.2.

Between 0 and 1.

pdet(aj, Sj) Probability
of detection
in j.

Increasing in Sj ,
decreasing in Mj .

See subsection
3.5.4.5.

Between 0 and 1.

yj,det(t) Expected
number of
detected
outbreaks.

Increasing in
pdet(aj, Sj) and
in xa

j (t).

See subsection
3.5.4.5.

yj,det(t) ∈ R+

3.6 Empirical strategy

We built an optimization model for spruce budworm management based on the model out-

lined in sections 3.4 and 3.5. The parameter values for this model were obtained from literature,

empirical sources, and conversations with Canadian forest managers. In this section, we discuss

how these parameters were sourced.

3.6.1 Sampling spruce budworms

Sampling costs vary based on location, population density, and accessibility, but can roughly

be approximated at an average of $75 CAD per site11. We use this number as the baseline mean

survey cost, and can vary it by a certain amount when doing multi-site analysis. Sensitivity anal-

11These numbers were shared with me by Drew Carleton, a program manager working in New Brunswick. Num-
bers in Quebec may differ but would likely be similar.
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ysis on this parameter further allows us to show how monitoring decisions vary when sampling

costs vary.

3.6.2 Calibrating treatment

The SOPFIM [2022] provides yearly activity reports that calculates total and average costs

for spray blocks in Quebec. There are no fixed components to cost. Spray costs are about $40

CAD per hectare-application, such that a hectare that is sprayed twice will cost $80 CAD. In New

Brunswick, the cost of treatment is about $115 CAD per hectare12. We start from the assumption

that treatment costs do not vary based on location.

We assume that an eradication buffer of 320 hectares is necessary for each spot of treat-

ment decisions, which corresponds roughly to a circle with a radius of 1 km13. The cost of an

eradication program will thus be between $12,800 and $36,800 per identified treatment location

during early intervention.

Our baseline assumption is that the eradication buffer is equal to the size at which automatic

(i.e. satellite) detection occurs as well as the maximum size of an outbreak that can be treated

using an early intervention strategy.

3.6.3 Defining the landscape

Our landscape combines two data sets: the Inventaire écoforestier du Québec méridional,

or IEQM [MFFP, 2017], and the wood value zones of the Bureau de mise en Marché des bois

[BMMB, 2022c]. The IEQM contains information on the biomass of forests14, whereas the
12This value was provided by Drew Carleton.
13Again, this information was provided by Drew Carleton.
14We would like to thank Josée Martel and Ian Paiement for helping us to understand and utilize the IEQM.
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BMMB zones will define the value of wood within that forest15. By combining the information

from these two sources, we can define the average infestation risk for each zone and the value at

risk in each zone for any possible infestation.

The IEQM blocks that we used are below:

Figure 3.1: Plot of IEQM blocks used in this chapter

This map will allow us to situate references to blocks. The color-coded regions are Que-

bec’s administrative regions. These regions do not have an impact on forest policy, but help

situate the blocks. Block 22A is entirely within the Gaspésie–Îles-de-la-Madeleine region. Block

22B consists of parts of this region and the eastern portions of the Bas-Saint-Laurent. Block 22C

is split between the Bas-Saint-Laurent and the Côte-Nord, with its southwestern corner being in

the Capitale-Nationale region. Block 21M is nearly entirely within the Capitale-Nationale region.

Despite the name, the city of Québec is located south of 21M, and as such 21M is primarily rural

and forested. Block 31P contains portions of the Capitale-Nationale region, with the rest being

part of the Mauricie region. Blocks 22D, 22E, 32H and 32A represent the Saguenay–Lac-Saint-

Jean region, with the southwestern quarter of 32A being part of the Mauricie region.

15We would like to thank Hugo Therrien and Patrick Girard for their help in explaining how the BMMB establishes
timber value.
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The map of the zones in the area of study, generated using the ggplot2 package in R [Wick-

ham, 2016], is below:

Figure 3.2: Plot of zones within blocks

The missing zones in the westernmost part of our area were not included in the IEQM’s

aerial surveys. There are no missing zones in the east: this gap consists of the St. Lawrence River

and Gulf.

3.6.4 Calibrating infestation establishment and risk

The intrinsic outbreak likelihood depends on the characteristics of the forest. If a stand has

a higher risk rating, it will be more likely to be the location of an outbreak epicenter, relative to

other surrounding stands. For each of our defined forest areas (which is to say BMMB zones

within IEQM blocks), we are able to assign absolute and relative risk ratings. The absolute risk

rating is a scalar number, either positive or negative. The relative risk rating is the Z-normalized

value of the absolute risk rating.
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Bouchard and Auger [2014] note that elevation, fir percentage, hardwood percentage and

mesic drainage are determinants of relative outbreak risk. Since we do not have access to mesic

drainage and since the Bouchard and Auger model is not perfectly analogous to the one we use,

we will use a simplified risk model where elevation is the sole determinant of risk. Risk is relative,

and scaled so that all values are between 0 and 1. Elevation is calculated for each BMMB zone as

the average of an elevation raster. The highest elevation zone was therefore the lowest risk zone,

and the most low-lying zone had the highest risk.

The outbreak likelihood for a given zone is calculated as a linear function of elevation,

where the coefficient on elevation is negative. Elevation across the landscape is below:

Figure 3.3: Elevation by zone

This elevation will give a likelihood score for each zone. This score can be multiplied

by the forested area of each zone to obtain the total zonal outbreak risk factor. We normalize

these outbreak risk factors by dividing them by the sum of factors, and this provides us with the

likelihood that an outbreak will begin in a particular zone given that a single outbreak occurs
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somewhere in the landscape. The outbreak likelihood across the landscape for a single outbreak

is below:

Figure 3.4: Relative (normalized) outbreak likelihood by zone

This measure of likelihood will be higher in larger zones, all else equal, but it also cor-

responds to elevation: low-lying zones consistently have higher risk ratings than similar-sized

zones at a higher altitude.

3.6.5 Calibrating local growth

To get parameter values for α1 and α2 in equation (3.9), we first observe defoliation data

provided by the SOPFIM [2021]. Increasing areas of defoliation across different regions of Que-

bec are aggregated. This total area is then approximated to a circular shape, and the radius of the

resulting circle is then calculated.

We identify five regional outbreaks across Quebec from 1992 to 2021. We calculate the

radius of aggregate defoliation in each year as well as the change in radius from one year to the
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next. We took care to exclude discontinuous years (for example, an observation in 1992 was

dropped because the next year of defoliation was 1999), for a total of five deleted observations.

Our sample had 73 degrees of freedom. The minimum radius was 0.48 km, the mean was 38.37

km, and the maximum radius was 158.99 km. We assume that the parameters of defoliation

growth are equivalent to the parameters of outbreak growth.

A second-order polynomial regression is fit onto these observations. The range of empirical

parameter values is presented in subsection 3.6.5. The linear component of the regression has a

positive sign, and is greater in magnitude than the quadratic component. As such, the radius will

increase until it reaches an asymptote. Using our parameter values, it takes approximately 7 years

for a one-hectare initial infestation to reach an area of 1 square kilometer.

If radius and budworm population density are directly correlated, as is assumed in our

model, then the outbreak will increase in intensity as it increases in radius. As such, a larger

outbreak would, theoretically, cause more damages over its infested area. Our model uses strict

cut-offs depending on whether a stand can be treated proactively or not. Subsection 3.5.4.6

discusses how value and damages are calculated.

Once an infestation successfully establishes itself, it will grow according to equation (3.9).

The growth rate of an infestation can be calibrated from defoliation data, which is available in

Quebec from the MRNF [2013] for 1992 until the present. Notable defoliation patterns were

observed in seven different Quebec administrative regions. The infestation in Gaspésie region

adjoins the one in the Bas-Saint-Laurent, and the one in the Saguenay-Lac-Saint-Jean region ad-

joins the one in the Côte-Nord. We therefore have five regional infestations, which are aggregated

to circular areas. By regressing the growth rate on the lagged radius, the following parameter val-

ues are observed:
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Table 3.5: Results of equation (3.9) regression

Estimator Estimate Std. Error t-value
α̂1 0.4796 0.0554 8.655
α̂2 −3.69× 10−3 4.86× 10−4 −7.589

This regression has a residual standard error of 7.553 and an adjusted R2 of 0.5265 on 73

degrees of freedom.

These values are calculated for kilometers of radius. If our minimum area Amin = A(aj) =

1 ha = 0.01 km2 for aj = 0, then this implies that rmin = r(aj) = 0.0564 km. We would thus

expect r(aj) = 0.0834 km for aj = 1 and thus that A(aj) = 0.0219 km2, or 2.19 hectares, at

aj = 1.

3.6.6 Calibrating value and damages

Literature can provide a starting point for value at risk and damage calibration. Chang

et al. [2012a] calculated the damages incurred under moderate and severe outbreaks across the

forest of New Brunswick, and Liu et al. [2019] calculated avoided damages from running an early

intervention program in New Brunswick. The authors use different time horizons, with Chang

et al. using a 30 year horizon and Liu et al. using a 50 year horizon. The 30 year horizon is closer

to the one we will consider. Chang et al. determine that an uncontrolled moderate outbreak

will lead to a 17% reduction in cumulative harvest, while a severe outbreak will lead to a 24%

reduction in cumulative harvest. Damages that occur on trees scheduled for imminent harvest

will not lead to output losses, while damages that occur on trees whose harvest will occur in

the medium or long term will lead to significant losses of output. An optimal foliage protection

strategy will reduce damages to 10% under a moderate scenario and 12% under a severe scenario.

In Liu et al. [2019], an early intervention strategy prevents all damages.
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Translating these models to our forests will be trickier. Clearly, it is not appropriate to say

that all infested areas are instantly lost forever. However, the 24% reduction in harvest value

proposed by Chang et al. applies to entire forests. We must pose assumptions about how the

value of the infested forest declines.

To calibrate damages, forest value must first be determined. Total forest value is the product

of wood price16, which depends on location and is provided by the BMMB [2022c], and forest

inventory, which is provided by the IEQM, an open data product produced and distributed by the

MFFP [2017]. The IEQM consists of blocks of forest data that cover the entirety of Quebec’s

forested land. Information includes stem density, merchantable volume density, stem composi-

tion and the like. Combining these data sets allows us to assign a total timber value to each zone

in each block and to the block as a whole.

Our model assumes a 30 year outbreak horizon. As a baseline, we set the discount rate

δt = 5%. This outbreak proceeds in two stages. For the first 10 years, the outbreak is local.

It will grow from an area of 1 hectare to an area of 24.6 square kilometers, which is the area

an infestation will occupy after 10 years according to the empirically-calculated parameters of

equation (3.9). For these first 10 years, 50% of the lumber value of the infested area is lost17. We

do not consider the possibility of spread to differently-priced zones. Any spread outside of the

zone would have the same lumber price as spread within the zone. This is done for the sake of

simplicity, and is reasonable given the difference in size between a zone and a full outbreak.

16The Bureau de mise en Marché des bois du Québec assigns forests in the province to a zone that determines the
value of timber per cubic meter based on its quality and integrity. For balsam fir, there are three classes of wood.
Living boughs and stems are considered lumber-quality and have values that are usually at least $20 CAD per cubic
meter. Dead boughs and cuttings are in different classes, but have the same value, which is usually around 33 cents
per cubic meter. Thus, losses from dead timber are over 98% for each affected tree.

17We assume that 50% of wood value over a 2460 hectare (24.6 km2) will be lost over the 10 year period, re-
gardless of the size of the zone within which the infestation is found. This allows us to avoid bias towards larger
zones.
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After 10 years, we assume that a 20 year outbreak occurs (years 11-30) across the entirety

of the block within which the infested zone is found18. We assume that this outbreak will be

managed through foliage protection, which is reasonable given that the area of study is a part of

Quebec that already engages in widespread foliage protection programs.

3.6.7 Simulation of surveillance and management

The parameter values derived in this section were used to build a surveillance model that

applies the assumptions from section 3.4 and the mathematical specification from section 3.5.

The initial landscape is a single forested area where propagule pressure is external and exogenous.

Landscape locations are based on the BMMB zones whose parameters are shown in subsection

3.6.6. This model relates to a theoretical outbreak on an undisturbed Quebec landscape. Our aim

is to show the cost-effectiveness and feasibility of an EIS program in different parts of Quebec,

with necessary caveats based on the difference between management constraints in Quebec and

New Brunswick (i.e. a lack of roads that would permit surveys in some forested regions). The

surveillance model is implemented in R [R Core Team, 2021].

Maps in this subsection are generated using the ggplot2 package in R [Wickham, 2016].

Our baseline scenario is based on the parameter values presented in this section. Across

the entirety of our landscape, the potential losses per hectare from a moderate infestation for each

zone under our baseline scenario are mapped below:

18For example, let us assume that an outbreak occurs in zone 184 of 22A. Damages will occur within this zone
for the first 10 years, and then across the entirety of block 22A for the remaining 20 years.
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Figure 3.5: Losses per hectare by block-zone (baseline scenario)

In section 3.7, we demonstrate baseline results with and without survey budgets, as well as

sensitivity analysis based on variations of the discount rate and introduction rate. These scenarios

are presented below.

Table 3.6: Table of baseline and sensitivity analysis scenarios

Scenario Csj Cτj et δt α1 α2

Standard 115 12800 0.1 5% 0.48 −3.69× 10−3

Low discount rate 115 12800 0.1 1% 0.48 −3.69× 10−3

High intro rate 115 12800 0.33 5% 0.48 −3.69× 10−3

Across the entirety of our landscape, the potential losses per hectare from a moderate in-

festation for each zone under the low discount rate scenario are mapped below:
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Figure 3.6: Losses per hectare by block-zone (1% discount rate)

Under a high introduction rate scenario, the losses per hectare are mapped below:

Figure 3.7: Losses per hectare by block-zone (3 year average introduction rate)
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3.7 Results and analysis of results

In the results presented in this section, investments are plotted in terms of $ CAD per zone

and surveys per zone. Yearly survey investments and the net present values of total investments,

total expected net benefits and total expected remaining outbreak costs are stated on a landscape-

wide basis in terms of $ CAD. Total yearly surveys are also stated on a landscape-wide basis,

as an integer. The maps in this section are generated using the ggplot2 package in R [Wickham,

2016]. Landscape-wide statistics are summarized in the tables in subsection 3.7.5.

3.7.1 Model results: baseline scenario with an unconstrained budget

Under a baseline scenario with an unconstrained budget, a total of $101,430 is invested

across the landscape per year, resulting in 882 total surveys per year on the landscape. The net

present value of survey costs is $1,105,449. The remaining expected NPV of the outbreak cost

is $4,503,888 across the landscape. If foliage protection were to be employed across the entire

landscape instead of EIS, the total expected net present value of damages from an outbreak across

our landscape would be $5,875,455. Expected net benefits are calculated according to equation

(3.15). The difference between expected NPV damages without surveillance and the sum of NPV

survey costs and remaining outbreak damages results in a net present value of total expected net

benefits of $266,118.

Survey investments only occur in block 22B of the landscape under our baseline scenario,

which explains the relatively low expected net benefits relative to total investments. In other

words, foliage protection will be employed across most of the landscape, with the EIS program

being limited to a small portion of the landscape adjacent to New Brunswick. Figure 3.8 shows
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total investment across the landscape.

Figure 3.8: Total investment by block-zone (baseline scenario)

Figure 3.9 shows the number of surveys per block-zone across the landscape.

Figure 3.9: Total surveys by block-zone (baseline scenario)

As all investments are concentrated in block 22B, our next analysis focuses on results

within this zone. Chart 3.10 shows the numbered BMMB zones within block 22B. This will help
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situate summary statistics. Note that 000 is a code that indicates a body of water and is thus

excluded from results.

Figure 3.10: Zones of block 22B

Chart 3.11 shows optimal total survey investment by zone. There are no survey investments

in zones 184 or 195. Zones 154 and 183 have the lowest levels of investment, at $230 per year

total, while zone 186 has a mere $460 in yearly investments. Zone 156 has the highest level

of total investment, with $44,620 in yearly investments. This represents 44% of investments in

block 22B and thus in our landscape.
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Figure 3.11: Total investment by zone in block 22B (baseline scenario)

The map of total surveys in block 22B are below. A grand total of 882 surveys are deployed

across block 22B. Zone 156 has the most surveys with 388, representing a density of 1.02× 10−3

surveys per hectare. The investments in zones 154 and 183 correspond to 2 surveys per year.

On an area-weighted basis, zone 155 has the highest survey density, with 1.14 × 10−3 surveys

per hectare. Among zones with investments, zone 158 has the lowest survey density, with only

9.65× 10−5 surveys per hectare.
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Figure 3.12: Total surveys by zone in block 22B (baseline scenario)

Overall, our baseline results indicate that EIS is only beneficial in a small part of Quebec

that neighbors New Brunswick. It has positive net benefits, but FP remains dominant outside

of this block. These baseline results suggest that EIS should be explored in Quebec, but that

running FP across Quebec instead of EIS may be optimal if limited EIS would result additional

administrative or operational costs that are not captured by our model. This could be the case if,

for example, separate administrative structures would be required for the FP and EIS programs.

3.7.2 Model results: baseline scenario with a constrained budget

We consider three constrained budgets: a 25% reduction, a 50% reduction, and a 75%

reduction. These reductions are relative to the total optimal expenditure, which is $101,430

under our baseline scenario, as described above. Since survey investments only occur in block

22B, we only present results for this block.

Restricting the budget by 25% results in $75,440 in annual investments in our block19.
19Since our results are in bundles of investment, we round down from 0.75×101, 430 to the nearest yearly budget
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Figure 3.13 shows the distribution of investments per zone.

Figure 3.13: Survey investment by zone in block 22B, 25% budget reduction

A total of 656 surveys are deployed across the block under this scenario. There are no

surveys in zones 158, 183, 184 or 195. Zones 154, 182 and 186 have two surveys a year each.

Zone 156 has the most surveys, with 300 per year.

The net present value of survey costs over our horizon is $822,193, while the NPV of

expected net benefits is $253,001. Infestations across the total landscape (including blocks other

than 22B) result in $4,800,261 in expected NPV damages.

Restricting the budget by 50% results in $50,600 in annual investments in our block. Figure

3.14 shows the distribution of investments per zone.

in our results. This is repeated for all budget-restricted analysis in this chapter.
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Figure 3.14: Survey investment by zone in block 22B, 50% budget reduction

A total of 440 surveys are deployed across the block under this scenario. Zone 182 loses

its two surveys. Zone 156 loses 98 surveys, representing the largest absolute survey reduction in

a block. Besides zone 182, zone 155 sees the largest relative reduction in surveys, losing 69% of

its surveys (22 out of 32).

The net present value of survey costs is $551,471, while the NPV of expected net benefits

is $209,940. Infestations across the total landscape (including blocks other than 22B) result in

$5,114,044 in expected NPV damages.

Finally, restricting the budget by 75% results in $25,300 in annual investments in our block.

Figure 3.15 shows the distribution of investments per zone.
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Figure 3.15: Survey investment by zone in block 22B, 75% budget reduction

A total of 220 surveys are deployed across the block under this scenario. Zone 155 loses its

ten remaining surveys, while zone 186 loses its two surveys. Zone 156 loses 108 surveys, leaving

it with a total of 94.

The net present value of survey costs is $275,736, while the NPV of expected net benefits

is $128,429. Infestations across the total landscape (including blocks other than 22B) result in

$5,471,290 in expected NPV damages.

3.7.3 Model results: net benefits and marginal net benefits as functions of in-

vestment

For each expenditure level, our model generated net benefit maximizing survey placement

investments. Under our baseline scenario, we had 1049 possible yearly expenditure levels, rang-

ing from a minimum of $230 to a maximum of $241,270.

Figure 3.16 plots the expected net benefits (which is to say the reduction in expected NPV
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outbreak damages less the NPV of yearly survey investments) as a function of survey expenditure.

The green vertical line represents our optimal budget, $101,430 per year. Expected net benefits

peak at this expenditure level, and decline afterwards. At a budget of $233,680 or more, expected

net benefits become negative.

Figure 3.16: Net benefit curve

Figure 3.17 plots the marginal expected net benefits as a function of survey expenditure in-

crements. Marginal net benefits are the difference in net benefits between an expenditure level and

the preceding expenditure level. These become negative once the optimal allocation is passed,

which is to say that each additional expenditure will reduce net benefits. Marginal net benefits

are monotonically decreasing over the domain.
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Figure 3.17: Marginal net benefit curve

Figure 3.18 shows these curves side by side. Note that these curves have the same X axis,

but different Y axes, as the variation in marginal net benefits is significantly less than the variation

in net benefits.

Figure 3.18: Combined net benefit and marginal net benefit curves
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3.7.4 Sensitivity analysis

Sensitivity analysis was performed with and without a budget constraint. Two parameters

were found to impact treatment decisions: the discount rate δt and the introduction rate et. Our

baseline discount rate is 5% and our baseline introduction rate is 1
10

. When we increased the

discount rate to 10% or decreased the introduction rate to 1
30

, we found that surveillance no

longer became optimal in any zone. Those results are thus omitted. Our sensitivity analysis

therefore presents two scenarios: a 1% discount rate and a 1
3

arrival rate. These results are in the

subsections below.

3.7.4.1 Lowered discount rate, unconstrained budget

With a lowered discount rate, a total of $608,350 is invested across the landscape per year,

resulting in 5290 total surveys per year on the landscape. The net present value of survey costs

is $8,519,153. These result in a net present value of total expected net benefits of $5,759,608.

The remaining expected NPV of the outbreak cost is $35,215,647 across the landscape. If foliage

protection were to be employed across the entire landscape instead of EIS, the total expected net

present value of damages from an outbreak across our landscape would be $49,494,408.

Figure 3.19 shows total investment across the landscape.
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Figure 3.19: Total investment by block-zone (1% discount rate)

Figure 3.20 shows the number of surveys per block-zone across the landscape.

Figure 3.20: Total surveys by block-zone (1% discount rate)

There are no investments made in blocks 21M, 22C and 31P (see Figure 3.1 for block

references). Block 22B has the highest level of investment, with a total of 3345 yearly surveys at

a cost of $384,675. This is followed by blocks 22A and 32H, which have 815 and 585 surveys.
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Zone 180 of block 22B has the highest survey density in the landscape, with 3.31× 10−3 surveys

per hectare, while block 156 of this same block has the highest total number of surveys, with

1215. Block 22D has only 100 total surveys per year, with 75 of these being in zone 255, located

in its northwestern corner.

In our model, damages depend on the value of the zone and of the block within which

the zone is located. There are sharp cut-offs at the boundaries of blocks, which is why a zone

that is split between two blocks might have a significant difference in survey investment and

outbreak damages in each block. Nonetheless, we see two distinct geographic clusters emerge:

there is a cluster of intensive investment in the Gaspésie peninsula, and another cluster around

the Lac-Saint-Jean. We would expect the southern shore of block 22C to have investments, but it

is likely penalized by the fact that the Gulf of St. Lawrence bisects it, significantly removing the

total value of timber within the block and thus the total value at risk for this block. The lack of

investments in the southern blocks of 21M and 22C are logical: these are blocks whose forests

feature broadleaf trees and whose coniferous forests are located in mountainous areas.

The results below are for block 22B. The first plot, figure 3.21 is of zonal survey investment.
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Figure 3.21: Total investment by zone in block 22B (1% discount rate)

Relative to the baseline scenario, presented in figure 3.11, investments are higher across

the block. There are no zones without investment.

Figure 3.22 shows total investments in this block.

Figure 3.22: Total surveys by zone in block 22B (1% discount rate)

As usual, zone 156 has the highest total number of surveys, with 1215. A total of 3345
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surveys will be deployed across block 22B. Block 22B therefore represents 63.4% of the surveys

in the landscape.

The 30-year expected losses per hectare are plotted below in figure 3.23. These values are

identical to those for block 22B in figure 3.6.

Figure 3.23: Losses under an outbreak scenario in block 22B (1% discount rate)

3.7.4.2 Lowered discount rate, with budget constraint

As in subsection 3.7.2, we consider three constrained budgets: a 25% reduction, a 50%

reduction, and a 75% reduction. These reductions are relative to the total optimal expenditure,

which is $608,350 under the 1% discount rate scenario. Results are presented for yearly invest-

ments per zone on a landscape-wide basis. These figures can be compared to figure 3.19.

Restricting the budget by 25% results in $456,320 in annual investments across the land-

scape. Figure 3.24 shows the distribution of investments per zone.
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Figure 3.24: Survey investment by block-zone (1% discount rate), 25% budget reduction

A total of 3,968 surveys are deployed across the landscape under this scenario. The net

present value of survey costs is $6,390,170, while the NPV of expected net benefits is $5,599,357.

The remaining infestations across the total landscape result in $37,504,881 in expected NPV

damages.

Restricting the budget by 50% results in $304,060 in annual investments in our block.

Figure 3.25 shows the distribution of investments per zone.
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Figure 3.25: Survey investment by block-zone (1% discount rate), 50% budget reduction

A total of 2,644 surveys are deployed across the landscape under this scenario. The net

present value of survey costs is $4,257,966, while the NPV of expected net benefits is $4,994,662.

The remaining infestations across the total landscape result in $40,241,780 in expected NPV

damages.

Restricting the budget by 75% results in $152,030 in annual investments across the land-

scape. Figure 3.26 shows the distribution of investments per zone.
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Figure 3.26: Survey investment by block-zone (1% discount rate), 75% budget reduction

A total of 1322 surveys are deployed across the landscape under this scenario. The net

present value of survey costs is $2,128,983, while the NPV of expected net benefits is $3,599,769.

The remaining infestations across the total landscape result in $43,765,655 in expected NPV

damages.

3.7.4.3 Net benefits and marginal net benefits as functions of investment for a

lowered discount rate

For each expenditure level, our model generated net benefit maximizing survey placement

investments. Under our baseline scenario, we had 4671 possible yearly expenditure levels, rang-

ing from a minimum of $230 to a maximum of $1,074,330.

Figure 3.27 plots the net benefits as a function of survey expenditure. The green vertical

line represents our optimal budget, $608,350 per year. Net benefits peak at this expenditure level,

and decline afterwards. Net benefits do not become negative at any point in our domain.
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Figure 3.27: Net benefit curve

Figure 3.28 plots the marginal net benefits as a function of survey expenditure increments.

Figure 3.28: Marginal net benefit curve

As in subsection 3.7.3, figure 3.29 shows these curves side by side. Again we note that

these curves have the same X axis, but different Y axes.
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Figure 3.29: Combined net benefit and marginal net benefit curves

3.7.4.4 Heightened introduction rate, unconstrained budget

With a heightened introduction rate (and maintaining a 5% discount rate), a total of $983,710

is invested across the landscape per year, resulting in 8554 total surveys per year on the land-

scape. The net present value of survey costs is $10,721,102. These result in a net present value

of total expected net benefits of $9,619,327. The remaining expected NPV of the outbreak cost

is $27,181,579 across the landscape. If foliage protection were to be employed across the entire

landscape instead of EIS, the total expected net present value of damages from an outbreak across

our landscape would be $47,522,008.

Figure 3.30 shows total investment across the landscape.
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Figure 3.30: Total investment by block-zone (3-year intro rate)

Figure 3.31 shows the number of surveys per block-zone across the landscape.

Figure 3.31: Total surveys by block-zone (3-year intro rate)

There are survey investments in each block except for 21M, 31P and 32A (see Figure 3.1

for block references). Block 22C has investment in a single zone (zone 934, with 10 surveys),

unlike in the low discount rate case. As always, block 22B has the highest level of investment,
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with a total of 3345 yearly surveys at a cost of $498,525 per year. Blocks 22A and 32H have

1565 and 1280 surveys per year, respectively.

The difference in survey investment patterns between the low discount rate and high intro-

duction rate environments likely relates to how relative expected damages change as the intro-

duction rate increases. The two plots below compare baseline risk (figure 3.33 to risk under a

high introduction rate (figure 3.32).

Figure 3.32: Relative (normalized) outbreak likelihood by zone (3-year intro rate)
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Figure 3.33: Relative (normalized) outbreak likelihood by zone (baseline)

In the high introduction rate environment, the high outbreak likelihood zone in block 32A

does not receive investments because, as shown in figure 3.7, expected damages within this zone

would be minimal.

The results below are for block 22B. The first plot, figure 3.34 is of zonal survey investment.

Figure 3.34: Total investment by zone in block 22B (3-year intro rate)
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Relative to the baseline scenario, presented in figure 3.11, investments are higher across

the block. There are no zones without investment.

Figure 3.22 shows total surveys in this block.

Figure 3.35: Total surveys by zone in block 22B (3-year intro rate)

As usual, zone 156 has the highest total number of surveys, with a total of 1545. A total

of 4335 surveys will be deployed across block 22B. Block 22B therefore represents 50.7% of the

surveys in the landscape.

The 30-year expected losses per hectare are plotted below in figure 3.36. These values are

identical to those for block 22B in figure 3.7.
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Figure 3.36: Losses under an outbreak scenario in block 22B (3-year intro rate)

3.7.4.5 Heightened introduction rate, with budget constraint

Again, we consider a 25% reduction, 50% reduction, and 75% reduction in the budget.

These reductions are relative to the total optimal expenditure, which is $983,710 under the 3-year

introduction rate scenario. Results are presented for yearly investments per zone on a landscape-

wide basis. These figures can be compared to figure 3.30.

Restricting the budget by 25% results in $737,610 in annual investments across the land-

scape. Figure 3.37 shows the distribution of investments per zone.
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Figure 3.37: Survey investment by block-zone (3-year intro rate), 25% budget reduction

A total of 6414 surveys are deployed across the landscape under this scenario. The net

present value of survey costs is $8,038,947, while the NPV of expected net benefits is $9,342,702.

The remaining infestations across the total landscape result in $30,140,360 in expected NPV

damages.

Restricting the budget by 50% results in $491,740 in annual investments in our block.

Figure 3.38 shows the distribution of investments per zone.
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Figure 3.38: Survey investment by block-zone (3-year intro rate), 50% budget reduction

A total of 4276 surveys are deployed across the landscape under this scenario. The net

present value of survey costs is $5,359,298, while the NPV of expected net benefits is $8,342,098.

The remaining infestations across the total landscape result in $33,820,612 in expected NPV

damages.

Restricting the budget by 75% results in $245,870 in annual investments across the land-

scape. Figure 3.39 shows the distribution of investments per zone.
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Figure 3.39: Survey investment by block-zone (3-year intro rate), 75% budget reduction

A total of 2138 surveys are deployed across the landscape under this scenario. The net

present value of survey costs is $2,679,649, while the NPV of expected net benefits is $6,104,424.

The remaining infestations across the total landscape result in $38,737,936 in expected NPV

damages.

3.7.4.6 Net benefits and marginal net benefits as functions of investment for a

heightened introduction rate

For each expenditure level, our model generated net benefit maximizing survey placement

investments. Under our baseline scenario, we had 4371 possible yearly expenditure levels, rang-

ing from a minimum of $230 to a maximum of $1,005,330.

Figure 3.27 plots the net benefits as a function of survey expenditure. The green vertical

line represents our optimal budget, $983,710 per year. Net benefits peak at this expenditure level,

and decline afterwards. This decline is not apparent over our domain, as the peak is near to the
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maximum of our domain.

Figure 3.40: Net benefit curve

Figure 3.41 plots the marginal net benefits as a function of survey expenditure increments.

Figure 3.41: Marginal net benefit curve

Once again, figure 3.42 shows these curves side by side. Again we note that these curves

have the same X axis, but different Y axes.
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Figure 3.42: Combined net benefit and marginal net benefit curves

3.7.5 Summary of model results

The results from unconstrained analysis are below in table 3.7. These results represent

subsections 3.7.1, 3.7.4.1 and 3.7.4.4.

The net present value of damages to the forest over a 30 year outbreak that is mitigated by

foliage protection are higher by a factor of nearly 10 in our sensitivity analysis scenarios.

Table 3.7: Results: unconstrained analysis

Scenario FP-managed
NPV

Expenditure
per year

Surveys
per year

Survey
exp. NPV

Remaining
outbr. NPV

Net ben.
NPV

Baseline $5,875,455 $101,430 882 $1,105,449 $4,503,888 $266,117
1% discount

rate $49,494,408 $608,350 5290 $8,519,153 $35,215,647 $5,759,608

3-year
intro rate $47,522,008 $983,710 8554 $10,721,102 $27,181,579 $9,619,327

The results from budget-constrained analysis are below in table 3.8. These results represent

subsections 3.7.2, 3.7.4.2 and 3.7.4.5.
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Table 3.8: Results: constrained analysis

Baseline FP-managed
NPV

Expenditure
per year

Surveys
per year

Survey
exp. NPV

Remaining
outbr. NPV

Net ben.
NPV

75% $5,875,455 $75,440 656 $822,193 $4,800,261 $253,001
50% $5,875,455 $50,600 440 $551,471 $5,114,044 $209,940
25% $5,875,455 $25,300 220 $275,736 $5,471,290 $128,429

1% discount
rate

FP-managed
NPV

Expenditure
per year

Surveys
per year

Survey
exp. NPV

Remaining
outbr. NPV

Net ben.
NPV

75% $49,494,408 $456,320 3968 $6,390,170 $37,504,881 $5,599,357
50% $49,494,408 $304,060 2644 $4,257,966 $40,241,780 $4,994,662
25% $49,494,408 $152,030 1322 $2,128,983 $43,765,655 $3,599,769

3-year
intro rate

FP-managed
NPV

Expenditure
per year

Surveys
per year

Survey
exp. NPV

Remaining
outbr. NPV

Net ben.
NPV

75% $47,522,008 $737,610 6414 $8,038,947 $30,140,360 $9,342,702
50% $47,522,008 $491,740 4276 $5,359,298 $33,820,613 $8,342,098
25% $47,522,008 $245,870 2138 $2,679,649 $38,737,936 $6,104,424

3.8 Further discussion of results

In this chapter, we describe a theoretical model that captures the dynamics of single-shot

spruce budworm survey planning for an early intervention scenario. We then implement a sim-

ulation model based on this theory, which we calibrate by using data from public sources. This

simulation model allows us to determine the parts of Quebec for which an early intervention strat-

egy could be successfully implemented. The two determinants of EIS optimality are infestation

likelihood and timber value. EIS has already been shown to be successful in New Brunswick

[MacLean et al., 2019]. Under our baseline scenario, the region of Quebec which is most similar

to New Brunswick is the only one in which EIS should be conducted, and this region is the central

part of the Gaspésie peninsula, between the St. Lawrence River and the Baie des Chaleurs. By

relaxing the assumptions of our baseline scenario, EIS becomes beneficial across a much larger
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landscape. Nonetheless, net benefits from running EIS are much lower than the expected dam-

ages from infestations that are not neutralized by EIS, which suggests that FP remains the optimal

policy across most of our landscape.

Our model has limitations, and as such our results must be interpreted very carefully. Our

model is in no way able to make solid policy prescriptions. It should be instead seen as an

exploration of the concept of EIS in Quebec, and our results indicate that the possibility of EIS

on a regional basis should, at the very least, be examined in more detail.

3.8.1 Discussion of main results

Given our baseline assumptions, our results indicate that EIS is geographically limited in

terms of optimality. The regions of our landscape that are most likely to be optimal are those that

border New Brunswick, where the program has already shown a high degree of success.

In our baseline scenario (a moderate outbreak with parameters established in sections 3.5

and 3.6 and summarized in table 3.6), block 22B was the only one for which survey investments

were optimal. This makes intuitive sense and confirms baseline assumptions: block 22B borders

New Brunswick along its southern edge and is therefore similar in geography, topology and

human settlement patterns. Since EIS has seen success in New Brunswick, it is likely to see

success in block 22B as well. Besides elevation, the complexities of geography cannot be directly

captured by our model. Per-hectare losses will be the best proxy for these complexities: they

depend on the timber stumpage rate and total biomass both across the block and within the zones

of the block. The stumpage rate is influenced by factors such as proximity to mills, ease of

road access, and terrain. Biomass reflects only the total softwood biomass. Block 22B has high
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potential damages and high outbreak likelihood across its zones. These combine to create an area

where EIS would be an optimal strategy, at least on a limited basis. EIS is not cost-effective in

the rest of Quebec.

3.8.2 Discussion of sensitivity analysis

Our sensitivity analysis shows that our results are highly dependent on our assumptions.

Lowering the discount rate or increasing the introduction rate will cause significant increases to

expected damages across the landscape. As a result, EIS goes from being optimal in one block

to being optimal in six blocks, with the pattern varying based on scenario. Under all scenarios,

block 22B remains the most important block for EIS planning, but this intensive EIS program is

twinned with a lower-intensity EIS across other parts of the landscape. Most notably, under each

scenario, we see two distinct geographic clusters emerge for EIS, in the Gaspésie peninsula and

in the Lac-Saint-Jean.

The introduction rate has a larger impact on expected damages, on investment, and on the

benefits of surveys than the discount rate. It also leads to a different management prognosis. A

single zone with a high outbreak likelihood is enough to trigger investments in a block that would

otherwise not receive any investments. This is the case in block 22C in the high introduction rate

scenario.

The implication of our sensitivity analysis for managers is that slight changes to our as-

sumptions lead to large changes in optimal policies. Managers using a model such as ours to plan

EIS activities must set assumptions carefully. In our baseline scenario, only a small portion of

the Quebec landscape should be subjected to an EIS program. Modifying our assumptions re-
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sults in EIS being optimal across much of Quebec’s forested landscape. This would suggest that

EIS should be at least investigated over Quebec’s landscape, as it could potentially be welfare-

improving over the current foliage protection strategy. On the other hand, if the most appropriate

parameter assumptions are those of our baseline scenario, then EIS may not be worth pursuing in

any part of Quebec, especially if parallel administrative structures for FP and EIS would result in

costs that exceed potentially limited benefits.

3.8.3 Limitations of the model

As mentioned, the largest limitation of our model is the fact that each block is a distinct

outbreak landscape. Outbreaks will not exceed the boundaries of the blocks where they were first

established. This will cause distortions in prescribed surveys to border zones, and will prevent the

model from properly capturing the interconnected nature of the landscape. Chapter 4 discusses

how incorporating spatial dependencies into the model will increase its predictive power and

policy relevance.

The second most important limitation of our model arises from how we model outbreak

likelihood. We implicitly assume homogeneity within each of our zones, such that the average

elevation is taken to be the elevation of the entire zone. We then assume that elevation is the

primary determinant of introduction likelihood. This will make it difficult to realistically predict

both spread pathways across the landscape and the specific locations where moth flights are most

likely to land and create hot spots.

The third most important limitation of our model is the lack of spatial detail within zones

for the operational phase of sampling. Survey costs are homogeneous across the entire landscape.
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In reality, survey costs would vary significantly based on geography, and would almost certainly

be the primary limiting factor preventing EIS activities in remote regions of Quebec. We have

restricted ourselves to regions of Quebec where the forest is less remote, but we do not incorporate

relevant details such as road networks leading to survey sites. Incorporating fine spatial detail

such as road access and terrain slope would allow a planner to pinpoint not only the zones where

a survey should be deployed, but the optimal locations of surveys within these zones.

The fourth most important limitation of our model is in how assumptions must be made

about the evolution of damages over the course of a 30 year outbreak. While the data used to

calibrate forest value is detailed and geographically-precise, spread modeling is not. We assume

that all spread occurs within the zone of first infestation for 10 years and entirely within that

zone’s surrounding IEQM block from years 11 through 30. Edge cases clearly show how these

assumptions limit our model: under our baseline parameters, it is optimal to invest in zone 155

of block 22B, but not in zone 155 in block 22C, which is adjacent. This is not realistic, and

can only be explained by the lower value at risk of timber across the entirety of block 22C. As

the plot of losses per hectare shows, there are some zones in 22C which actually have a higher

value at risk than 22B, but these do not receive investment as they are surrounded by lower-value

zones. Realistic spread modeling would allow our model to precisely determine the boundaries

of geographic clusters where EIS would be optimal.
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Chapter 4: Conclusion and Extensions

4.1 General conclusions

This dissertation was motivated by the gap between the economic importance and economic

literature on eastern spruce budworms. As mentioned earlier in this dissertation, spruce bud-

worms have been referred to as a "15 billion dollar" problem across Canada’s Atlantic provinces

[MacLean et al., 2019], a sum which is significant given Atlantic Canada’s small population

and dependence on forestry. However, as discussed throughout this dissertation, the economics

literature on spruce budworms is sparse, and therefore this dissertation provides multiple novel

contributions to this literature. In this chapter, I summarize the findings of the previous three

chapters, and propose additional extensions that will make our models more realistic and there-

fore more relevant for policymakers.

This dissertation pursued three main goals. My first goal was to present the current state of

affairs in a way that could be easily understood by the uninitiated. The second was to evaluate

Quebec’s control and harvest decisions by simulating management. The third was to model the

early intervention strategy, currently employed in New Brunswick, in order to determine how it

might be applied to Quebec. Other goals remain outside the scope of this dissertation, but could

and should be explored with dedicated computational resources. The second part of the chapter

discusses the implementation and advantages of these extensions.
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4.1.1 Summary of main research results and contributions

This dissertation had two main empirical components. A novel simulation program was

designed and implemented for each. Chapter 2 presented an optimization model that simulates

the treatment and harvest decision for forests with an active spruce budworm outbreak. Chapter

3, for its part, focuses on pre-outbreak surveillance modeling.

In Chapter 2, we demonstrated that existing budworm treatment programs are efficient

relative to a do-nothing baseline. Under our baseline conditions, budworms should be quickly

reduced to a low level through a mixture of treatments and harvests. Harvests will remove the

biomass available to budworms, and thus their survival rate. Clearcuts are rarely optimal, and

harvests will reach a long-term steady rate that corresponds to the steady state of forests. At

their steady state, budworms have a very small population. We varied eight parameters and

examined how management choices and the value function changed. This allowed us to predict

how changes to the circumstances of an outbreak would affect management decisions.

Chapter 2 presents the first ever discrete-time model for the spruce budworm treatment and

forest harvest decisions. It is relevant to a real-world policy context for two reasons. First, it

presents decisions on a year-by-year basis and therefore approximates the yearly planning cycle

of forest resource managers. Second, it examines the costs and benefits of active management

through aerial spraying and harvests, and thus represents the first theoretical evaluation of in-

place management techniques.

In Chapter 3, we determined that, under our baseline scenario, the early intervention strat-

egy used in Canada’s Maritime provinces should be implemented in Quebec’s maritime subre-

gions, but not across the province. While these results are based on a fixed sampling cost, stands
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with high stumpage rates are characterized by ease-of-access, which means that the results are

likely to be strengthened rather than refuted when using a more realistic modeling process. Our

sensitivity analysis found that the discount rate and the introduction rate had major effects on the

optimal policies prescribed by the model. Increasing the discount rate or reducing the introduc-

tion rate will reduce or eliminate the optimality of EIS in Quebec. Decreasing the discount rate

or increasing the introduction rate will make EIS a more attractive option, both within the region

where the baseline scenario is optimal, and in regions in central Quebec where it was previously

not recommended. Decreasing the discount rate will increase the present value of timber affected

by an outbreak. Modifying the discount rate therefore has similar effects to modifying the degree

of damage inflicted on the forest or modifying the underlying value of the forest.

Chapter 3 makes two main contributions to the literature. First, it builds on the CESAT

model [Epanchin-Niell, 2020], adapting it to the spruce budworm management problem and,

more generally, to endemic species management. Second, it directly compares the management

practices used in New Brunswick to those used in Quebec. While initial evaluations of EIS

compared its potential in New Brunswick to the counterfactual of foliage protection in New

Brunswick [Liu et al., 2019], we instead evaluate the potential for EIS in Quebec to the existing

practice, which is FP.

4.1.2 Management implications

The results of Chapters 2 and 3 suggest that current management practices are optimal

relative to do-nothing approaches within the geographical areas of study. This corresponds to

previous findings [Chang et al., 2012b, Liu et al., 2019].
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Chapter 2 demonstrates that a foliage protection program should always be employed over

an existing outbreak in our baseline scenario, which was calibrated on data from central Quebec.

An early intervention strategy, if possible, will be optimal relative to foliage protection, as in-

dicated by the fact that the model suggests reductions of the budworm population to the lowest

feasible level. The baseline scenario can change, and our sensitivity analysis shows how changes

would affect management decisions. For example, an increase in budworm fecundity could lead

to a scenario where budworm populations cannot be easily controlled. The best strategy in this

case would be a continuous treatment consisting of two sprays per period and oscillating harvests

that increase as the budworm population increases. Decreases in the interest rate will lower the

urgency of quick reductions in the budworm population, which suggests that the gap between the

total social welfare of foliage protection and early intervention programs would narrow. Massive

influxes of spruce budworms, for their part, may prompt managers to move away from foliage

protection programs and towards immediate clearcuts of the forest, which would prevent losses

from massive forest die-off.

Chapter 3 demonstrates that early intervention is not always optimal across Quebec, such

that the currently-used foliage protection approach is the most optimal strategy. The early in-

tervention strategy requires ease of access to forest stands. Using stumpage rates as a proxy for

ease of access, the remoteness of most of Quebec’s forest resources mean that foliage protection

is the most optimal strategy under our baseline scenario. The Bas-Saint-Laurent region, which is

geographically similar to New Brunswick, is the exception to this rule, and EIS can and should

be applied to this region. The baseline scenario was calibrated to match assumptions used in New

Brunswick (notably assumptions about the economic consequences of outbreaks as explained in

Chang et al. [2012b] and Liu et al. [2019]). When we modify the baseline assumptions in our
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sensitivity analysis, we find that a more frequent introduction rate or a higher present value of

damages from successful outbreaks will result in EIS being optimal across a much larger portion

of Quebec’s landscape. The intensity of the program will never be as high as in the Bas-Saint-

Laurent, however, and as such the approach suggested in other regions may be more akin to a

hybrid program where EIS is used sparingly in anticipation of outbreaks, but with a higher pos-

sibility of failure than in the Bas-Saint-Laurent. Failure of the EIS program would then lead to a

switch to foliage protection.

It is important not to confuse optimality with feasibility. While the sensitivity analysis

in Chapter 3 indicates that EIS may well be optimal across large portions of Quebec, this does

not necessarily mean that the current geography of Quebec would allow EIS to be implemented

across Quebec. Ideally, a realistic model would map both optimality and feasibility, constraining

assessments of optimality to areas where an EIS program could physically be implemented. This

would allow a more realistic assessment of optimality, while taking into account the fact that

EIS must be run across a wide area to be effective. Similarly, Chapter 2 suggests reducing the

spruce budworm population as much as possible. While this is optimal, it may not be feasible,

especially if survival and post-feeding reproduction rates are affected in dynamic or uncertain

ways. As knowledge of budworm dynamics evolves, our simple bioeconomic model could be

refined or replaced, resulting in more realistic and precise policy prescriptions.

4.2 Future perspectives

The empirical components of Chapters 2 and 3 use single-landscape models to model silvi-

cultural management and preemptive surveillance decisions. However, real-world management
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must take into account the reality of an interconnected forest landscape. Spruce budworm out-

breaks in one forest stand will affect conditions in a stand hundreds or thousands of kilometers

away. In this chapter, I discuss the importance and implications of multi-spatial management, the

empirical strategies that would be employed to build such models, and the constraints that have

prevented examination of multi-spatial problems in the preceding chapters.

4.2.1 Motivation

The motivation behind this chapter is to explore implications that had to be excluded

from previous chapters of this dissertation for the purpose of empirical feasibility. Spatially-

explicit simulations require detailed and computationally-intense models. Empirical simulation

of spatially-explicit models would, nonetheless, be important when developing the sort of soft-

ware that could be of use to forestry managers looking to implement early intervention and foliage

protection strategies. The extensions proposed in this chapter would potentially allow the models

of Chapters 2 and 3 to be integrated into forest management software.

4.3 Modeling endemic pests on complex landscapes

In this section, I describe the problem of endemic pest management and present a basic

model that describes the economics of management decisions. I start with a generic, generalized

model for endemic pests, and then discuss the special case of spruce budworms. The single

landscape spruce budworm model is omitted, as it is covered in Chapter 2.

This section proceeds as follows. Subsection 4.3.1 reviews the tools and practices currently

used in Canada for multi-spatial spruce budworm management. Subsection 4.3.2 describes our
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generic multi-spatial endemic pest model. Subsection 4.3.3 models multi-spatial spruce budworm

management based on the single landscape budworm model described in Section 3 of Chapter 2,

including the implications of its objective function and transition equations.

4.3.1 Current spruce budworm multi-spatial management tools and practices

Spruce budworm management in Canada generally occurs at the provincial level, and de-

cisions must therefore take province-wide consequences into account. With limited management

resources, treatment and harvest efforts must account for spread rate impacts while prioritizing

harvests in areas with relatively more valuable timber stocks.

MacLean et al. [2001] describe the spruce budworm decision support system (SBW DSS),

which has been used to plan management in New Brunswick since the 1980s. The SBW DSS

calculates three main components: defoliation impacts, protection priority, and protection strat-

egy evaluation. These are then used to plan a five-year management planning cycle, which will

include both the current harvest schedule and maps of priority spray blocks. The mean volume

benefit for each spray block, measured in m3/ha, can then be calculated. With limited treatment

resources, such calculations are critical. Chang et al. [2012a] show that optimal management

would protect about 10% of the New Brunswick forest1. This will not minimize timber losses,

but will rather minimize the sum of timber losses and treatment costs. Targeting the optimal

10% of forest protection is therefore critical. Wasted resources will lead to higher-than-necessary

damages in untreated high-value or high-vulnerability blocks and surplus protection in low-value

or low-vulnerability blocks.

1EIS was still being developed when Chang et al. were publishing their model. As such, their article focuses on
FP.
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In areas where even foliage protection treatment is not a useful option, spatially explicit

management will focus on optimizing harvest efforts across different landscape units given re-

ductions in future yields due to spruce budworm outbreaks and given the price effects of acceler-

ated harvests. One good example of this can be found in Huff et al. [1984], which measures the

consequences of outbreaks across the US Forest Service’s Resource Evaluation Survey Units in

Minnesota, Wisconsin and Michigan. There are thirteen such units, and the forested land in these

units consists of private woodlands, USFS (federal) lands, state lands and county lands. Private

lot owners will have reservation prices, while public lands are governed by allowable cuts. Thus,

total wood supply is produced on both price-inelastic public lands and price-elastic private lands.

If there is a massive glut in timber on the market due to increased allowable cuts on public lands,

private land owners will respond by reducing harvest efforts on their lands.

Harvest re-optimization in Canada can be constrained by the harvest schedule of crown

lands. Hennigar et al. [2013] consider the possibility of a management strategy that both re-

schedules harvests and plans harvests. Treatment can furthermore occur in three different ways:

it can be applied in the first year of defoliation over 40% and all such years, one year after

40% defoliation, or at the peak of defoliation (>70%). Protection can be applied on 10%, 20%,

40% or 100% of the landscape. The authors constructed a stand impact matrix over all of New

Brunswick, and projected growth and yield with and without defoliation. The effects of salvage

and re-planning were primarily felt through the first 20 years of outbreaks, with up to 20% miti-

gation in harvest losses, but little benefits were observed in the long run. Treatment, for its part,

had both short-run and long-run benefits that were higher than those that could be obtained from

re-optimization alone.
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4.3.2 Modeling a generic endemic pest on a complex landscape, with dispersal

The model described in this subsection assumes a landscape that is divided into J locations,

indexed j ∈ {1, J}. In each period t ∈ {1, T} and in each location j ∈ {1, J}, there is a stock

of resources and pests at the beginning and end of the period. These are as follows: the resource

stocks at location j at the beginning and end of period t are given by sjt and xjt, respectively,

while the stock of pests at location j at the beginning and end of period t are given by ljt and

yjt. xjt is the stock of resources after harvests and yjt is the stock of pests after treatments for

population control.

If lt+1 represents the pest on the entire landscape, we have that lt+1 = D · b(lt). Pests

disperse across the landscape according to the dispersal matrix D, where:


l1t+1

...

lJt+1

 =


D11 . . . D1J

...
...

DJ1 . . . DJJ




b1(x1t, y1t)

...

bJ(x1t, y1t)

 (4.1)

Dispersal of the pest from location j to location i can thus be modeled as a function of the

distance between the centroid of j and the centroid of i, dependent on directional vectors such

as wind. For each element Dji of the dispersal matrix given in equation (4.1), there will exist a

corresponding two-dimensional vector j⃗i which represents the distance and direction from stand

j to stand i. We can thus describe Dji as the product of the length of j⃗i and of an orientation

function, ωji. Thus, we have that:

Dji = ||j⃗i||ωji (4.2)
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While ||i⃗j|| = ||j⃗i||, ωij ̸= ωij . As such, Dij ̸= Dji and the matrix D is not symmetrical.

The product of its elements will be 1, however, such that all pests disperse within the landscape,

with none leaving the landscape, or being added from outside the landscape. While this is a

simplified assumption relative to a realistic scenario, it captures the spatial correlation of spread,

which is one of the essential features of endemic pest management.

For each location, the transition equation is given by:

ljt+1 =
J∑

k=1

Dkjb(xkt, ykt) (4.3)

If
∑J

k=1Dkj > 1, then the location j is a migration sink, while if
∑J

k=1Dkj < 1, then the

location j is a migration source.

The resource, xjt, will not disperse across the landscape, and so the transition equations of

xjt for all j ∈ {, J} are not correlated. The transition equation for xjt is thus given by:

sjt+1 = g(xjt, yjt) (4.4)

This implies that local growth of the resource depends only on local conditions at the end

of period t.

4.3.2.1 Objective function of the multi-dimensional pest management problem

For each resource location or stand, there are two choice variables that can be manipulated

by the social planner: the harvest (or proportional harvest) hjt = sjt − xjt and the treatment

τjt = ljt−yjt. In addition, the price of the resource is given by p, and the benefit from the resource

is given by θ. As stated previously, these have cost structures
∫ sjt
xjt

cj(u)du and
∫ ljt
yjt

kj(v)dv.
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Once again, the objective of the social planner is to maximize net social benefit, which will

occur across the landscape. In the most general terms, the social planner’s objective can be stated

as:

B =
T∑
t=1

J∑
j=1

δt[p · (sjt − xjt) + θ · (ljt − yjt)−
∫ sjt

xjt

cj(u)du−
∫ ljt

yjt

kj(v)dv] (4.5)

Prices and resource non-market benefits are assumed invariant in time and space. This ob-

jective must be maximized subject to the two transition equations. This will yield a fundamental

recursion relation of dynamic programming which can be written as:

V (st, lt) = max
J∑
j

[p · (sjt − xjt) + θ · (ljt − yjt)−
∫ sjt

xjt

cj(u)du−
∫ ljt

yjt

kj(v)dv]

+ δV (g(xt, yt), D · b(xt, yt)) (4.6)

Here, the notation V (st, lt) represents the fact that the value function is summed across all

j ∈ {1, J}.

We have not assumed a budget for harvest and control efforts. Instead, we assume budget-

unconstrained social benefit maximization. This is reasonable as harvest cost and pest control

budgets are likely to be separate, if they exist. The next subsection will explicitly assume a

treatment budget.
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4.3.2.2 Multi-spatial management with a treatment budget

Incorporating a yearly treatment program budget will mean that the maximum number of

treatments that can be applied,
∑

i, will be limited according to Bt =
∑J

j=1

∫ ljt
yjt

kj(v)dv.

The objective function must therefore be maximized subject to this budget constraint and

to the transition equation.

The problem then becomes:

maxÁ = max
J∑

j=1

T∑
t=1

δt[p · (sjt − xjt) + θ · (ljt − yjt)−
∫ sjt

xjt

c(u)du−
∫ ljt

yjt

kj(v)dv] (4.7)

subject to equations (4.3), (4.4) and:

Bt ≥
J∑

j=1

∫ ljt

yjt

kj(v)dv (4.8)

In each period, the Lagrangian can then be written as:

L(xjt, yjt, λ, γj, σj) = [p · (sjt − xjt) + θ · (ljt − yjt)−
∫ sjt

xjt

c(u)du−
∫ ljt

yjt

kj(v)dv]

+ λ(Bt −
J∑

j=1

∫ ljt

yjt

kj(v)dv) + γj(g(xjt, yjt)) + σj(D · b(xjt, yjt)) (4.9)

The shadow price σj would then depend on D, which would capture complex spatial dy-

namics. Optimal interior solutions will describe a steady state in which welfare is maximized

across the landscape in each period given the budget, growth rate of the resource, and spatially-
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correlated growth rate of the pest infestation.

4.3.3 Modeling multi-spatial spruce budworm treatment and harvest

The model in subsection 4.3.2 describes multi-spatial natural resource management for

an endemic pest that can spread across the landscape. This model cannot be directly applied

to spruce budworms, however, as it assumes per-population treatment, whereas budworms are

treated indirectly through the imposition of additional mortality during feeding stages.

Chapter 2 presents a version of an endemic pest optimization problem that is adapted to

the realities of spruce budworm. However, empirical implementation of Chapter 2’s model could

only be developed for a single landscape, for two reasons. First, we were constrained by time and

available computing resources. A multi-spatial model would be excessively complex and have

a long development curve. Second, we chose to focus on the dynamics of single landscapes so

that we can emphasize local harvest and treatment decisions. As such, local spruce budworm and

forest management decisions are modeled, but invasions of spruce budworm are an exogenous

and constant parameter.

Spruce budworm management decisions in Canada tend to happen at a province-wide level,

which means that there will be criteria determining treatment priority for different wood stocks

within the province. If a forested area has more value at risk than another area, for example, it

will be prioritized over an area with less value at risk. This dimension is partially captured by

the sensitivity analysis from Chapter 2. If an area is at higher risk because of its proximity to

other outbreaks, or if it is seen as being a part of the landscape where an outbreak would damage

surrounding forest, then it may have a lower or higher treatment priority. In this section, we
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develop and present a spatially explicit version of the Chapter 2 model.

4.3.3.1 Model features and objective function

Each location must be categorized as an outbreak sink or source. If a forested area is a

sink, then the contribution of dispersal to the outbreak will be positive, meaning that budworm

population densities will be higher than expected. If a forested area is a source, dispersal will

have a negative outbreak contribution, meaning that budworm population densities will be lower

than expected. Treating budworms at the source will reduce the immigration pressure on sinks,

while treating budworms at sinks will have no effect on budworms at the source.

The transition equations for budworms and forests are similar to those in Section 3 of

Chapter 2. We modify the transition equation for budworms by adding a dispersal component,

which we model as in subsection 4.3.2.

The generalized objective function is given by:

Á =
T∑
t=1

J∑
j=1

δt[p · (sjt − xjt)−
∫ sjt

xjt

c(u)du− k(ijt)] (4.10)

The treatment decision in each area j in period t is given by ijt, and has the three possible

values of 0, 1, and 2. k(ijt) is the cost associated with this treatment decision. The objective

function therefore does not depend on dispersal.

The fundamental recursion relation of dynamic programming is given by:
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V (sjt, ljt, ijt) = max[p · (sjt − xjt)−
∫ sjt

xjt

c(u)du− k(ijt)] + δV (g(xjt, yjt), D · b(xjt, yjt, ijt))

(4.11)

4.3.3.2 Transition equations

The transition equations for the multispatial spruce budworm model are as follows:

sjt+1 = g(xjt, yjt) = (1−mFyjt)
(1 + rF e

−gF yjt)xjt(
1 +

rF e
−gF yjtxjt

KF

) (4.12)

and

ljt+1 = b(xjt, yjt, ijt) = βyjtd(ijt)D(xjt) (4.13)

Equation (4.12) is the same as the transition for st+1 in Chapter 2. Equation (4.13) differs

from its Chapter 2 equivalent in two respects. First, it is in terms of relative budworm density.

Second, it has the dispersal factor D(xjt) which will depend on the relative abundance of foliage.

The term D in D(xjt) is shorthand for
∑J

k=1Dkj . If D(xjt) > 1, then area j is a sink. If

D(xjt) < 1, then j is a source. For each j ∈ J ,
∏J

k=1 Dkj = 1. Using relative budworm

densities is appropriate due to the fact that local exhaustion of forest resources will lead to full

out-migration to other stands.
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4.4 Multi-spatial spread monitoring

Chapter 3 models spruce budworm monitoring and treatment across a landscape, since

we are interested in the likelihood that stands become seeded by outbreaks. However, spruce

budworm invasions to our landscape are treated as exogenous. This means that Chapter 3 can only

provide a partial picture of optimal monitoring decisions. In this section, I discuss the importance

of an interconnected landscape when determining the allocation of monitoring resources for the

purpose of early intervention.

4.4.1 Multi-spatial spread monitoring in literature

As discussed in Chapter 1, there are two competing theories governing how spruce bud-

worm outbreaks spread across the landscape: the double-equilibrium theory [Morris, 1963] and

the oscillatory theory [Royama, 1984]. Spruce budworm monitoring for early intervention as-

sumes that the double-equilibrium theory must hold.

According to double-equilibrium theory, budworms exist at endemic levels throughout the

landscape when there is no outbreak. External and internal factors will combine to drive bud-

worms above the Allee threshold. Specifically, moth invasions will increase the number of eggs

laid within a stand, and favorable weather conditions in the spring and summer will increase the

survival of larvae and the fecundity of local moths, respectively.

The early intervention strategy in New Brunswick makes use of a decision support system

known as the SBW DSS [MacLean et al., 2001]. The SBW DSS involves a stand risk matrix that

judges the invasion risk to each part of New Brunswick’s landscape. The use of a DSS allows

decision-makers to optimally direct monitoring efforts.
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The literature on the spruce budworm early intervention strategy is fairly recent. The foun-

dational literature appeared mostly in 2019 [MacLean, 2019]. Liu et al. [2019], who form part of

this foundational literature, do not directly examine detection. Instead, it is assumed to be part of

the operations costs of an EIS program, which is presumed to be successful.

Johns et al. [2019] provide the best description of how multi-spatial spread monitoring is

used in EIS. Moth flights from hotspots will seed outbreaks throughout the rest of the landscape

because they will emit moths in a density-dependent fashion. Without moth dispersal, outbreaks

would be limited to smaller areas. Johns et al. note that multi-spatial spread implies that even

if an outbreak has exceeded levels that can be controlled through EIS, the leading edge of the

outbreak could still be treated using EIS. Conceptually, this is what is done in New Brunswick,

where monitoring and treatment resources are concentrated in the North, along the border with

Quebec.

Spatially-explicit modeling must take the effects of landscape and weather on budworm

spread into account. It must also incorporate zone-to-zone spread and proximity to active out-

breaks [Bouchard and Auger, 2014]. Inherent features such as elevation and balsam fir percentage

will not be the only determinants of spread. Natural barriers such as mountains will also tend to

limit spread.

Carleton et al. [2019] provide an overview of the operational requirements for successful

early intervention. In addition to the factors mentioned above, both monitoring and treatment

efforts must have social acceptability and there must be collaboration between industry and plan-

ners.
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4.4.2 Modeling multi-spatial monitoring and early treatment

Chapter 3 has an exogenous rate of invasion. However, the pathways through which spruce

budworms spread across a landscape are known, even if the specific spread pattern is not perfectly

predictable [Greenbank et al., 1980]. Long-distance budworm flights will be carried by winds for

distances up to 200 kilometers. They will intercept with landscape features such as hillsides

[Chen et al., 2021], such that there are barriers to spread. The most accurate spatially-explicit

model will be the one that uses spatial information to predict budworm spread pathways, and

then predicts the likelihood that these spread pathways will result in successful outbreaks by

using relative risk criteria such as those used in Bouchard and Auger [2014].

The most important information to incorporate into a spatial model will be prevailing

winds. The Canadian Wind Atlas [Environment and Climate Change Canada, 2003] provides

wind velocity and direction. Local weather conditions, for their part, are either incorporated di-

rectly into forest inventories [MFFP, 2017], or can be obtained from ECCC’s gridded temperature

and precipitation anomalies map (CANGRD) [Environment and Climate Change Canada, 2014].

We retain the general set-up from Chapter 3, and will not restate it here in its entirety. The

most substantial change is in the realized and estimated outbreak risk, written as ωj = ω(ej, ρj)

and ω(êj, ρj) in Chapter 3, respectively. Once again, we will use D to indicate directional spread

vectors. Let j be the area of interest and i be another location within the landscape m. The

vector Dij , if positive, is the pressure that moths from vector i impose on the forest in vector j.

Dij = Dji, so if Dij is negative, moths from j exert pressure on i. Relationships are assumed to

be unidirectional, with each plot being either a sink, a source, or having no relationship with the

rest of the landscape.
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Outbreak risk is given by:

ω(ejt, ρ(Dij)) (4.14)

with ρ′(Dij) > 0, such that outbreak risk increases as dispersal from i to j increases. ωj is

similarly increasing in Dij .

The risk-neutral objective function is given by:

min
J∑

j=1

E[Cdj + Cτj] (4.15)

This is minimized subject to the budget constraint:

B ≥
J∑

j=1

Csj (4.16)

and to transmission pathways:

corr(ωi, ωj) ̸= 0 if Dij ̸= 0 (4.17)

The evolution of the outbreak will determine how monitoring and treatment resources are

allocated. In the early stages of an outbreak, monitoring and treatment resources will be directed

towards source hotspots, since reducing infestations in these zones will reduce pressure through-

out the landscape. If an outbreak at a source progresses to a point where only foliage protection

can treat it, monitoring and treatment resources for an EIS program should shift to sinks.

As is the case in Chapter 3, equation (4.15) can be solved numerically through a simulation

model. The CESAT-based model presented in Chapter 3 would need to be subdivided into distinct
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landscapes which are linked through pre-determined migration pathways, based on the Canadian

Wind Atlas.

4.4.3 Ease of access and the monitoring budget

The most important consideration when allocating treatment resources, especially with a

limited treatment budget, is ease of access to the sampling site. One of the main reasons behind

the success of EIS in New Brunswick is the dense network of roads that crisscross the forest2.

Primary and secondary highways traverse forests to link cities and towns. New Brunswick’s

coastline is long relative to the size of the province, and much of the population lives along this

coastline (with the exception of the capital, Fredericton, which is the third-largest city). The

most direct route to link these settlements is frequently through the forest. Local rural roads jut

off from these primary and secondary highways, and roads built by forestry companies further

branch off from these. Therefore, it is easy to come very close to an optimal survey location in

New Brunswick. Similar conditions exist in Nova Scotia, which has implemented EIS with some

success.

Quebec, for its part, has a geography that makes EIS implementation more difficult3. The

vast majority of Quebec’s population lives in the St. Lawrence Valley, which has been mostly

deforested for centuries. Most of Quebec’s forest is remote from population centers, and there

is generally only a single highway through heavily forested regions. Road access in Quebec is

therefore much more limited.

The further survey crews can travel on highways and roads, the lower the sampling costs.

2This information was shared with me by New Brunswick forestry planners.
3In conversations with Quebec forestry planners, this geography was cited as the main reason why EIS has not

been implemented across the province.
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In most cases, the specific sampling location will be accessed on foot or by ATV, but minimizing

the distance traversed by these means will reduce costs.

Slope and other barriers will also affect sampling costs. If the topography is less flat,

sampling costs will increase. These variables are likely to have a smaller impact on cost than

remoteness from a road, however, although they are still likely to be significant.

In the Chapter 3 model, I assumed that the cost to survey any specific location is fixed.

This would be reasonable in New Brunswick, but this assumption would necessarily need to be

dropped if the Chapter 3 model were to be developed into a decision support system for Quebec

or Ontario.

The values of Csj from equation (4.16) must necessarily be heterogenous across the land-

scape. They will directly depend on ease of site access, which will depend on the road network

and other variables.

The best way to estimate costs as a function of distance will be OLS. The equation is below:

Csj = β0 + β1RoadDistj + β2Slopej + εj (4.18)

RoadDistj will be the straight-line distance of the survey point from the nearest road,

defined as any thoroughfare that is at least as big as a forest road. Road network data is available

from a number of sources, including Canada’s national road network [Statistics Canada, 2017].

Slopej is the slope, in degrees, of the survey point. Slope information is generally included as

part the information included with stand statistics in forest inventories such as the IEQM [MFFP,

2017].

The effect of slope on survey costs is likely smaller than the effect of road distance. Eleva-
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tion, for its part, should have no effect on survey costs, given that the bulk of travel occurs along

highways and thus changes in elevation will be felt only gradually by survey crews.

4.5 Concluding remarks

Chapters 2 and 3 establish the fundamental components of a broader decision support sys-

tem. In this chapter, I have described the additional work that would be necessary to fully imple-

ment these models in a decision support system, and I explore theoretical models that are outside

of the scope of Chapters 2 and 3 of this dissertation. These theoretical models would represent

significant improvements on the single landscape models from Chapters 2 and 3, as they would

allow us to create models that can provide policy recommendations rather than being limited to

policy evaluations.

4.5.1 The benefits of multi-spatial modeling

While the models presented in Chapters 2 and 3 of this dissertation allow for a generalized

evaluation of existing management programs, multi-spatial modeling will be necessary to fully

develop these models into decision support systems. When designing a decision support system,

one of the most important decisions to be guided is the spatial allocation of resources. Without

a spatially explicit model, the decision support system will not successfully provide guidance for

the locations of survey, treatment and harvest activities.

The model in Chapter 2 determines the treatment and harvest decision in a unispatial con-

text. Within each individual forest stand, the unispatial model will reasonably approximate deci-

sions. However, each forest stand must be placed in relation to others, as outlined in section 4.3.3.
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Otherwise, the recommendations for treatment and harvest will be sub-optimal. Each decision

would be discrete, and thus some stands will feature excessive harvest or treatment while others

will have insufficient harvest or treatment. Pathways will not be actively controlled, which will

mean that treatment will not adequately slow the spread and will not have co-benefits outside of

the stand in question.

The model in Chapter 3 is more spatially explicit than the one presented in Chapter 2 by

design, as it allocates monitoring resources across a landscape based on landscape characteristics.

Nonetheless, it still lacks sufficient spatial detail to be implemented as a decision support system.

As outlined in section 4.4, it is necessary to determine both active spread pathways (which will

allow a focus on sources and sinks, and thus make hot spot identification easier) and the costs of

surveys to different locations (which will allow us to determine both the cost-benefit trade-offs

of different survey locations and a more realistic number of surveys given the budget).

The most obvious and significant benefit of multi-spatial modeling is that it will allow

planners to exercise greater control over the evolution of spruce budworm outbreaks. The devel-

opment of EIS can, in some sense, be considered a decision to increase the operational intensity

of budworm sampling surveys and thus the spatial precision of budworm population levels.

4.5.2 Limitations to multi-spatial modeling

The extensions enumerated above will make the models presented in this dissertation more

realistic. However, they still will not capture all of the complexities of budworm management.

Some of these could potentially be integrated, such as soil quality, climate variables, and labor

market information. Others will necessarily be excluded until knowledge evolves, such as realis-
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tic early dynamics and the effects of climate variables on growth and survival. Nonetheless, the

addition of spatial detail to the models presented in Chapters 2 and 3 will be sufficient to develop

them into useful decision support systems that can guide the management of early and mature

spruce budworm outbreaks.

Beyond knowledge gaps, dimensionality is a major restriction on multi-spatial modeling.

This problem can be illustrated by a simple example. The models presented in subsections 4.3.2

and 4.3.3 involve a dispersal matrix (see equation (4.1)) that relates budworm conditions across

all parts of the landscape. On a single landscape, we have one dimension, and a J = 2 landscape

will have two dimensions representing the directional relationship of j = 1 on j = 2 and of

j = 2 on j = 1. Moving to a two-by-two grid landscape means that we have three relationships

for each cell, resulting in twelve pathways. The number of dimensions to the dispersal matrix is

given by JJ−1 if there are no constraints on pathways. One way to get around this would be to

restrict pathways to nearest-neighbors, but this would require additional assumptions about the

limits of budworm spread, which we do not capture in section 4.3.

4.5.3 Future perspectives for spruce budworm control in Eastern Canada

The latest operational reports for spruce budworm control in Eastern Canada cover the

2023 year. Quebec and New Brunswick are the two provinces that were contrasted in this dis-

sertation, and the perspectives for spruce budworm infestations in these provinces are very dif-

ferent. In Quebec, the area infested by spruce budworm has sharply increased in recent years

[MRNF, 2023], as has the intensity of infestations. Declines in defoliation intensity eastern

Quebec are offset by massive increases of visible defoliation in western Quebec. Collectively,
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the Outaouais and Abitibi-Témiscamingue administrative regions saw an increase in defoliation

of 887,568 hectares. 80% of the outbreak in the Outaouais is either moderate or intense. The

Abitibi-Témiscamingue is spreading east and therefore threatens the north-central parts of Que-

bec’s forests. While the area treated for spruce budworm in Quebec was less in 2023 than in

2022 [SOPFIM, 2022, 2023], this is entirely due to the devastating forest fires which hit Quebec

in the summer of 2023, which prevented treatments on nearly 30% of scheduled zones. The per-

spective in New Brunswick is entirely different: spruce budworm has essentially stopped having

a negative impact on New Brunswick forests. A mere 100 hectares of moderate new defoliation

were identified in New Brunswick through satellite imagery in 2023 [NB-DNRED, 2024]. L2

surveys in 2022 showed the lowest populations since the start of the EIS program, and there was

only a moderate bounce-back in 2023. Treatment programs in New Brunswick are minimal: as

of March 2024, no large spray blocks are expected to be recommended for the 2024 season.

The EIS program has demonstrated short-term success in New Brunswick. The limitations

to implementing EIS in Quebec have been discussed multiple times through this dissertation.

Nonetheless, as climate change continues to push the range of spruce budworms north, more

intensive control will likely become necessary in Quebec, and spatially-precise decision systems

could allow Quebec’s public servants to target intensive surveillance and treatment policies in a

way that would massively reduce treatment costs and increase the health of the forestry sector.
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