
Article

Economics of Early Intervention to Suppress
a Potential Spruce Budworm Outbreak on
Crown Land in New Brunswick, Canada

Eric Ye Liu 1 , Van A. Lantz 1, David A. MacLean 1,* and Chris Hennigar 1,2

1 Faculty of Forestry and Environmental Management, University of New Brunswick, Fredericton,
NB E3B 5A3, Canada; Eric.Liu@unb.ca (E.Y.L.); vlantz@unb.ca (V.A.L.); Chris.Hennigar@gnb.ca (C.H.)

2 New Brunswick Department of Energy and Resource Development, Fredericton, NB E3B 5H1, Canada
* Correspondence: macleand@unb.ca; Tel.: +1-506-458-7552

Received: 1 May 2019; Accepted: 31 May 2019; Published: 1 June 2019
����������
�������

Abstract: We investigated the potential economic impacts of future spruce budworm (Choristoneura
fumiferana Clem.) (SBW) outbreaks on 2.8 million ha of Crown land in New Brunswick, Canada and
compared an early intervention strategy (EIS) with foliage protection approaches. We coupled the
Spruce Budworm Decision Support System (SBW DSS) with a Computable General Equilibrium (CGE)
model to assess the impacts of EIS and foliage protection on 0%, 5%, 10%, and 20% of susceptible
Crown (publicly owned) forest, under moderate and severe SBW outbreak scenarios. Cumulative
available harvest supply from 2017 to 2067 was projected to be reduced by 29 to 43 million m3,
depending upon SBW outbreak severity, and a successful EIS approach would prevent this loss.
These harvest reductions were projected to reduce total economic output by $25 billion (CAD) to $35
billion. Scenarios using biological insecticide foliage protection over 20% of susceptible Crown forest
area were projected to reduce losses to 6–17 million m3 and $0.5–4.1 billion. Depending upon SBW
outbreak severity, EIS was projected to have benefit/cost ratios of 3.8 to 6.4 and net present values
of $186 million to $353 million, both higher than foliage protection strategies. Sensitivity analysis
scenarios of ‘what if’ EIS partially works (80% or 90%) showed that these produced superior timber
harvest savings than the best foliage protection scenario under severe SBW outbreak conditions and
generally superior results under moderate outbreak scenarios. Overall, results support the continued
use of EIS as the preferred strategy on economic grounds to protect against SBW outbreaks on Crown
land in New Brunswick.

Keywords: insect population management; spruce budworm; early intervention; defoliation;
economic losses; decision support system; computable general equilibrium model

1. Introduction

The forest sector is one of the most significant components of the Canadian economy,
and contributed 8% to 10% of the manufacturing gross domestic product (GDP) from 2010 to 2015 [1].
Approximately $38 billion CAD of annual total economic output was generated by the forest sector
in 2014, accounting for almost 6% of all Canadian exports, worth $30.7 billion CAD [1]. However,
economic value of the forest sector is vulnerable to natural disturbances that reduce timber supply and
cause large-scale economic losses. Pest outbreaks and forest fires are the dominant natural disturbances
that affect the forest sector in Canada [2–5]. In eastern Canada, spruce budworm (Choristoneura
fumiferana Clem.) (SBW) outbreaks have impacted millions of hectares of spruce-fir forests every
30–40 years, and the outbreaks that generally last about 10–15 years have destroyed hundreds of
millions of cubic meters of timber [6–8].
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To protect against forest pest outbreaks, various forest management/protection strategies have been
used to reduce timber supply loss and tree mortality caused by forest pest outbreaks. These include (1)
foliage protection using biological pesticides (i.e., Bacillus thuringiensis Kurstaki (Btk) or tebufenozide)
on SBW infested stands to keep trees alive [4,9]; (2) salvage harvesting of dying or dead trees while
they were still usable [10,11]; (3) re-planning harvest schedules to retain less vulnerable stand types or
ages [12]; or (4) planting less vulnerable tree species [13]. Foliage protection using chemical pesticides
in past decades [14] or biological pesticides today, salvage, or planting less susceptible spruce (Picea
sp.) plantations to replace balsam fir (Abies balsamea (L.) Mill.) are the primary strategies used. During
the last SBW outbreak in New Brunswick (NB), over 1.5 million ha of spruce-fir forest was treated with
insecticides annually from 1970 to 1983 [15], which effectively prevented extensive spruce-fir mortality,
unlike that which occurred in Cape Breton, Nova Scotia, where SBW-caused mortality exceeded 85%
of the forest [8].

An alternative to a foliage protection strategy could be an ‘early intervention strategy’ (EIS)
focused on altering SBW population dynamics before a full outbreak occurs [16–18]. The concept
of a SBW EIS suggests that identification of low but rising SBW populations in ‘hot spots’ could be
targeted for treatment with pesticide before defoliation occurs (i.e., much earlier in the SBW outbreak
development than in past treatments [17]) and that this could either slow or prevent the progression
of the SBW population rise in the treated area. Recent research in Québec has demonstrated low
mating success of female SBW moths when populations are at low levels [19], and the EIS aims to use
this feature by detecting low but rising SBW population hot spots and treating these with biological
insecticides Btk or tebufenozide [16].

Chang et al. [2] evaluated market and non-market benefits and costs of controlling a future SBW
outbreak on all Crown (publicly-owned) forest in NB. They used a timber supply model to estimate
the potential timber harvest revenue benefits and the costs of pest control efforts [4], and a contingent
valuation method [20] to estimate the non-market benefits of forest protection against SBW. Results
showed that a pest control program protecting 10%–20% of the susceptible Crown forest had the
highest benefit-cost ratio of 3.2–4.0 and net present value of $59–111 million, with the ranges of values
for moderate and severe SBW outbreak scenarios [2].

Chang et al. [3] also used a recursive dynamic Computable General Equilibrium (CGE) model and
timber supply losses projected using the SBW Decision Support System (DSS; [21]) to investigate the
potential economic impacts of foliage protection, salvage and re-planning harvest scheduling. A total
of 16 forest protection scenarios were examined: two SBW outbreak severities (moderate vs. severe),
four SBW control program levels (0%, 10%, 20%, and 40% protection of susceptible Crown forest area),
and two pest management strategies (with or without re-planning scheduling and salvage). They found
that a total of $3.3 and $4.7 billion (CAD) in present value lost output would result from uncontrolled
moderate and severe SBW outbreak scenarios, respectively, over the 2012–2041 period in NB [3].
Total output value loss was projected to decrease by 40%, 56%, and 66% when spraying biological
pesticides on 10%, 20%, and 40% of susceptible Crown forest areas, respectively [3]. Combining SBW
control with re-planning scheduling and salvage strategy was projected to reduce the negative impacts
of SBW outbreak by a further 1%–18% of output value depending on the level of control implemented.

In this paper, we used methods generally similar to those of Chang et al. [2,3] to evaluate the
potential economic costs, benefits and economy-wide impacts of EIS compared to foliage protection
strategies on NB Crown forest. Since EIS effectiveness is still being investigated [17], our analysis used
past SBW outbreak scenarios (e.g., [4]) and results to date of EIS trials conducted on over 425,000 ha
of NB forest from 2014 to 2018 [18]. Chang et al. [3] used a relatively simple CGE model, and we
developed a more detailed CGE model to evaluate effects of SBW outbreak, foliage protection, and EIS,
on the regional economy in NB. Objectives of this study were to (1) assess the potential timber volume
savings associated with implementing a SBW EIS (assuming that EIS works), under moderate and
severe SBW outbreak scenarios, compared to impacts under foliage protection on 0%, 10%, 20%,
and 40% of susceptible Crown forest; (2) evaluate costs, benefits, and economy-wide impacts of EIS and
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foliage protection strategies on Crown forest under moderate and severe outbreak scenarios; and (3)
test two sensitivity analyses, of costs/benefits if EIS partially works, resulting in saving 80% or 90% of
the harvest volume reductions resulting from an uncontrolled outbreak scenario.

2. Methods

2.1. Study Area

The study area was all Crown land in NB, one of three Maritime Provinces in eastern Canada.
NB is 85% forested [22] and approximately 50% (3.4 million ha) is Crown land owned by the provincial
government and managed by forest industry. Generally, the NB Crown forest is spread across the
province, but much of it lies in large, consolidated blocks in the central, northcentral, and northwest
regions. For management purposes, the NB Crown land is divided into 10 Crown Licenses and leased
to six forest companies [22].

The forest sector in NB includes more than 200 company locations and directly employs
approximately 10,600 workforce [23]. Another 3400 people are indirectly employed by the forest sector,
which builds on close to 500 forestry and logging operation locations (2011). The forest sector directly
contributes about 4.4% of annual gross domestic production (i.e., $969 million CAD during 2011),
and accounts for over 10% of total merchandise exports (i.e., $1.522 billion) [23]. Moreover, there is
a significant indirect economic impact given the industry’s strong linkages with other sectors of the
economy such as metal fabrication, transportation and distribution, and professional and technical
services [23]. Overall, NB is the most forest-dependent economy of any province in Canada [24].

Historically, SBW outbreaks have been the most devastating factor that causes large-scale
defoliation and mortality on balsam fir and spruce stands in NB. For example, approximately 3.5
and 2.0 million ha of forestlands were moderately-severely defoliated (30%–100% of current year
foliage) in the peak years of 1975 and 1983 during the 1970s–1980s SBW outbreak in the province [25].
SBW outbreaks in NB have recurred every 30–40 years [26], and a severe SBW outbreak is underway in
Québec and beginning in the adjacent areas of northern NB [27]. With the first defoliation detected in
NB in 2015, it is widely believed that a new provincial-scale SBW outbreak is beginning [18].

To protect against a potential SBW outbreak and test the impact of EIS, a SBW EIS research
program was conducted in NB from 2014 to 2018 in an $18 million project [16–18]. As part of this,
the ongoing SBW monitoring program was approximately doubled, with much of the additional
annual SBW overwintering larvae sampling on mid-crown branches contributed by forest industry
crews. Based on positive results to date, the EIS research trial is being continued from 2018 to 2022,
with an additional $75 million of funding from the Government of Canada. The EIS trials on increasing
SBW populations in northern NB resulted in insecticide treatment of hotspots covering 15,300, 56,800,
150,000, and 200,000 ha in 2015, 2016, 2017, and 2018, respectively [18]. Continuation of these SBW EIS
test results will determine the effectiveness of EIS, but results have been positive to date [18].

2.2. SBW DSS Model

The timber supply impacts of potential SBW outbreak scenarios on Crown forest in NB were
assessed using Accuair ForPRO, the most recent version of the SBW DSS [4,28]. This system consists of
three components: (1) a SBW pre-defined tree defoliation-damage multiplier file [29], which alters
stand dynamics in terms of tree growth and survival; (2) a stand impact matrix [21], which estimates
relative stand volume reductions over time in different forest types as a function of stand dynamics
with and without defoliation and insecticide treatment scenarios; and (3) a timber supply model [30],
specifically a model developed by NB Department of Energy and Resource Development (NB ERD) for
NB Crown land, which optimizes the schedule of stand interventions and harvest treatments over time
to maximize the sustainable supply of forest values (e.g., timber, habitat, water quality) from 2017 to
2097. Overall, the ForPRO system links these three components to quantify the timber harvest volume
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impacts of SBW outbreak scenarios (defined as annual defoliation over each year of an outbreak) and
benefits of insecticide treatments during the simulation period.

Each Crown License was assumed to re-plan their original timber harvest schedule and to
implement salvage activities to harvest dead and dying trees, when feasible, in response to the
potential SBW outbreak, since re-planning harvest scheduling and salvage can substantially reduce
SBW impacts [3,31]. Salvage harvesting to capture defoliation-caused mortality and re-planning to
modify the harvest schedule in light of defoliation-caused stand development changes can partially
mitigate wood supply impact of an SBW outbreak [4]. For Crown land in NB, Hennigar et al. [4]
showed that salvage and re-planning reduced wood supply impacts that accumulated over the 15 years
after outbreak onset by about 20% for moderate and severe outbreak scenarios. Additionally, linear
programming was used to minimize the SBW impacts on spruce-fir-jack pine (Pinus banksiana) harvest
and total timber volume harvest and also to optimally prioritize areas for foliage protection treatments.
More details of Accuair ForPRO DSS implementation are given in [4,28].

2.3. SBW Outbreak and Control Scenarios

To simulate SBW impacts in the Accuair ForPRO system, effects of 5-year cumulative defoliation
levels were calculated and analyzed. Current-year defoliation patterns for balsam fir under moderate
and severe outbreak scenarios [21] were used to estimate the annual SBW population (overwintering
second-instar larvae (L2) per branch) using a linear relationship between balsam fir defoliation and
SBW L2 population calculated by NB ERD. The SBW L2 population patterns were input into the Accuair
ForPRO System, which calculated 5-year cumulative defoliation patterns for each host tree species.
To reflect differing defoliation patterns among SBW host tree species, defoliation of white spruce
(Picea glauca (Moench) Voss), red spruce (Picea rubens Sarg.), and black spruce (Picea mariana (Mill.)
B.S.P.) were scaled to 72%, 41%, and 28% that of balsam fir [32]. However, these relative differences
between fir and other host tree species were assumed to not occur at very high SBW population
levels, when balsam fir defoliation was 90%–100%; i.e., if balsam fir defoliation was very high, spruce
defoliation also would be higher.

To evaluate the impacts of future SBW outbreaks and effectiveness of alternative forest protection
strategies, a scenario planning approach [33] was used. Overall, a total of 12 future SBW outbreak and
forest protection scenarios were analyzed using the Accuair ForPRO system over an 80-year (2012–2092)
period. Scenarios included two future SBW outbreak patterns (moderate and severe), each for EIS,
no protection, re-planning only, and three foliage protection strategies (5%, 10%, or 20% of the area
protected each year) scenarios.

The no protection scenario assumed no insecticide treatments to control a future SBW outbreak,
and the resulting projected available harvest supply losses were used as the baseline for comparison
with the defoliation control scenarios, to determine the marginal available harvest supply benefits
of protection. The EIS scenario assumed that biological insecticide (i.e., Btk or tebufenozide) would
be applied in all years in SBW hotspots [18]. The insecticide spray treatment varied based on the
number of detected overwintering SBW L2 larvae per branch that were detected: (1) no protection
with ≤6 L2/branch; (2) applying one Btk or tebufenozide application in all SBW hotspots with 7–20
L2/branch; and (3) applying two Btk applications in SBW hotspots when >20 L2/branch were detected.
The objective of these EIS treatments was to keep SBW population levels low and maintain SBW
defoliation below 10%. Additionally, the L2 sample point data (1500–2000 points sampled each year
from 2014 to 2018 [18]) was converted to a spatial layer using spatial interpolation (80 × 80 m cells).
Then EIS treatments were prioritized based upon the interpolated L2 raster and the percentage of
spruce-fir. Overall, higher spray priority values occurred with larger number of L2/branch and with
higher percentage of host species located in those areas. More details of the actual pest control treatment
blocking and treatments are described in [18].

The foliage protection scenarios tested assumed that biological insecticides were applied to
protect foliage in all years of the simulated moderate or severe SBW outbreaks. Insecticide treatment
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was simulated to be applied to 5%, 10%, or 20% of susceptible Crown forest area by spraying Btk or
tebufenozide in all years when balsam fir defoliation exceeds 40%. In addition, re-planning of harvesting
was combined with insecticide spray treatments in simulations, to minimize the defoliation-caused
impact on NB timber volume harvest. The overall objective of foliage protection was to reduce
defoliation to the NB ERD foliage protection target of 50% for balsam fir.

In previous analyses [34], we tested a combined EIS and foliage protection scenario, which assumed
that the initial EIS treatments failed to slow or prevent the progression of SBW outbreak rise,
and a moderate or severe SBW outbreak would occur. Results of these combined EIS + foliage
protection scenarios were largely indistinguishable, in terms of pattern of timber supply reductions
over time, from the comparable foliage protection scenario, slightly higher and somewhat later in
time [34]. Therefore, we decided not to include such analyses in the current paper, partly because after
5 years of trials EIS appears to be working [18] and because results were so similar to the comparable
foliage protection scenario [34]. Instead, we tested two ‘what if’ sensitivity analysis scenarios, assuming
that EIS worked partially, resulting in saving 80% or 90% of the harvest volume reductions resulting
from an uncontrolled outbreak scenario. Our rationale here was to test ‘what if’ EIS generally works in
keeping SBW population levels low, but that some defoliation occurs, which results in low impacts
(10% or 20% of the full outbreak scenario).

There are divergent views about the processes involved in the early stages of an SBW outbreak,
as described by Johns et al. [17]. Areas to be treated with insecticide under the foliage protection
scenarios were calculated based on the moderate or severe SBW outbreak scenario duration [9], area of
susceptible forest in NB [4], and 5%, 10%, or 20% of susceptible forest to be protected. Areas to be
treated annually under the EIS scenario were estimated based on several assumptions: (1) the SBW
hotspot dynamic determining treatment areas would follow a similar pattern to the SBW population
dynamic, spreading from existing hotspots to a larger geographical area; (2) actual measured growth
rate of SBW hotspot areas was used from 2015 to 2017; (3) SBW population increases would last 10
years, 2016 to 2026; (4) SBW populations would begin to decrease in northern NB in 2021–2024; (5) there
is less spruce-fir area to treat in southern NB than in northern NB; and (6) if EIS treatments are effective
and moth in-flights from Québec decline after 2020, the growth rate and duration of SBW hotspot area
also would decline. Overall, the total SBW hotspot area requiring EIS treatments was predicted to
increase from 15,900 ha in 2015 to 562,500 ha from 2020 to 2022, and then decline to 161,370 ha by 2026.
MacLean et al. [18] describe positive results of the first 5 years of EIS treatments in NB, corroborating
the initial years of the simulation scenarios.

2.4. CGE Model

A CGE model was used to estimate the regional economic impacts of SBW outbreak and forest
protection scenarios on the NB economy. This CGE model, which comprised a series of simultaneous
linear and non-linear equations (described in Appendix A Tables A1–A3), was similar in structure to
those of [35–38].

In the model, the NB economy was defined as a single region that is recursive dynamic and
deterministic in nature, with the assumption of a small-open-economy and constant returns to scale
technology. The model was calibrated to the regional economy of NB in 2010 (the latest year for
which data were available) using NB input-output data from Statistics Canada [39]. Following the
Canadian System of National Accounts [40], the NB economy consisted of 32 sectors, but for ease
of presentation, we aggregated 12 sectors that were least impacted by a potential SBW outbreak.
Overall, 20 sectors were defined: crop and animal; forestry and logging; fishing, hunting, and trapping;
support activities for agriculture and forestry; mining and oil and gas extraction; utilities; construction;
manufacturing; wholesale trade; retail trade; transportation and warehousing; information and
cultural industries; finance, insurance, real estate, rental and leasing, and holding companies;
professional, scientific, and technical services; administrative and support, waste management,
and remediation services; educational services; health care and social assistance; arts, entertainment
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and recreation; accommodation and food services; and other services (except public administration)
sectors. In addition, we assumed that producers from each sector produce intermediate and primary
goods or provide services.

Three primary factors were considered in this study: (1) labor, (2) capital, and (3) stumpage,
which is the market value of standing trees that must be paid by firms for the right to harvest timber,
measured in $/cubic meter. Several assumptions were made in association with these primary factors.
First, we assumed that labor was mobile and employed across all sectors, and the labor supply was
fixed without the effect of interprovincial/international labor movement. Thus, the labor market
followed the neoclassical economic theory of labor market, suggesting that labor was only affected
by adjustment of the wage rate [41,42]. As a result, labor input could be calculated by aggregating
wages and salaries, supplementary labor income, and mixed income from the input-output table [39].
Capital was assumed to be mobile and used in production across all sectors. Therefore, capital could
freely move from one industry to another in the economy, but with a different rental rate [42]. Capital
input was defined as the summation of taxes on products and production, subsidies on products and
production, and gross operating surplus (except stumpage expenditures, as described below) from the
2010 NB input-output table [39]. Stumpage, the third primary factor, was defined only for the forestry
and logging sector. While stumpage expenditures were included in gross operating surplus in the
Statistics Canada input-output table, Statistics Canada does not report separately on this expenditure.
Therefore, we followed Chang et al. [3] by using stumpage revenue data from the National Forestry
Database [43] as input in the forestry and logging sector. We subtracted this value from gross operating
surplus to appropriately adjust the capital input described above.

With regard to model structure, simultaneous linear and non-linear equations (Appendix A
Table A3) were used to describe: (1) the behavior of economic agents; (2) market conditions;
(3) macroeconomic balances; and (4) growth projections for primary inputs between periods. Overall,
these equations were designed to operate recursively for each year over 50 years.

Regarding the behavior of economic agents, producers were assumed to simultaneously maximize
their profit and minimize their production cost. To explain the behavior of producers, a constant
elasticity of substitution (CES) production technology was assumed. Through the CES function,
producers could make their choice between primary factors and thereby could substitute primary
factors freely in response to the change of factor prices to produce a most efficient final value-added
composite. Once the fraction of primary factors was determined, a Leontief-type technology was
adopted to combine value-added composite with a fixed-share of intermediate demands. Specifically,
the fixed-share of intermediate demands was assumed since the proportion of intermediate demands
was only determined by existing technology rather than producers’ decisions on primary factors [35].
Overall, the final output price would be derived from the combined costs of value-added composite
and intermediate demands.

A CES Armington function [44] was established to explain producers’ behavior in selecting
intermediate inputs; producers were assumed to have choice to purchase intermediate inputs from
either domestic or international markets. Since the relative prices of domestic goods and imports
(including the rate of tariff) were essential to producers’ production cost, the final ratio of imports
to domestic goods was determined by producers’ cost minimizing decision-making on domestic
or foreign goods. Moreover, a constant elasticity of transformation (CET) function was used to
distinguish producers’ behavior for selling their products; to maximize profit, producers were assumed
to have choice to sell their products to the market with the highest returns (where these returns were
determined by multiplying the world price to the exchange rate adjusted for any taxes or subsidies).
Overall, the final composite goods, including imported and domestic goods, were assumed to fulfill
demands for both intermediate goods and final goods. Specifically, the intermediate goods, which were
consumed by producers, were determined by technology and the composition of sectoral production;
while the final goods, which were consumed by households, were determined by household income
and the composite of aggregate demand.



Forests 2019, 10, 481 7 of 24

Households, as the second economic agent, were assumed to maximize their utilities subject
to their received income, including returns from supplying factors of production (capital, labor,
and stumpage), and domestic government transfers (i.e., unemployment benefits, pensions, and other
transfers from their domestic governments). The supplies of capital and labor were assumed to be
fixed within a given time and mobile among all 20 sectors. Households were assumed to spend
a proportion of their total income, and invest/save the remainder. All households were assumed to
have identical consumption preferences, with consumption of each commodity affected by prices
and incomes. Households make their consumption decisions by maximizing their utility subject to
their household budget constraint. A Stone–Geary utility function was specified to model households’
consumption preferences.

Government, as the final economic agent, was assumed to maximize its utility subject to the
received tax revenue, levied on (1) capital and labor use (i.e., capital and labor tax revenues); (2) income
of households (i.e., income tax revenue); (3) consumption by households (i.e., consumption tax revenue);
and (4) importing (i.e., tariff revenue). A proportion of tax revenue was transferred from government
to households (i.e., unemployment payments, pension, etc.), and the rest was spent on government’s
expenditures on capital, labor, and other commodities. A Cobb–Douglas utility function [45] was
specified when the government was maximizing its utility.

We assumed that market equilibriums were achieved in the CGE model in the goods market and
in the factor market. Specifically, equilibrium in the goods market consisted of aggregate demand for
each commodity (from household and government consumption) equaling aggregate supply from
domestic production and imported goods. To achieve equilibrium in the current account, the value of
imports was required to equal the sum of value of exports and government savings. Since government
savings and exchange rates were defined to be fixed, the change in value of imports would equal that
of exports. Regarding the factor market, it was assumed that there was an equilibrium between the
factors’ demand and supply. Factor prices on production would simultaneously adjust to ensure that
factor demand was equal to supply. Additionally, an equilibrium was also defined between household
saving and investment; since the household saving rate was assumed to be fixed, household saving
would passively adjust until it was equivalent to the investment spending.

To estimate the growth projection of primary inputs over time, it was assumed that, without any
SBW outbreaks, the NB economy would operate on the historical, steady-state growth path over the
next 50 years (2010–2060). Specifically, the annual growth rate of the labor force was exogenously set at
2% to approximately sustain a 2% annual GDP growth rate. Following Chang et al. [3] and Ochuodho
and Lantz [46], the capital stock was endogenously determined through a capital accumulation
equation that was influenced by the previous period’s capital stock and household total savings (see
Appendix A Tables A1–A3 for details).

To assess the economic impacts of SBW outbreak and forest protection scenarios, the CGE model
was designed to re-run annually with the additional exogenous stumpage input changes based on
the timber volume harvest results from the SBW DSS. To incorporate the SBW DSS output into the
CGE model, stumpage was implemented as a primary input in the forestry and logging sector. Timber
volume harvest results from each SBW outbreak and forest protection scenario estimated from the
SBW DSS were converted into stumpage values by multiplying the 5-year periodic growth rate of total
timber volume harvest from Crown land to the initial stumpage value in 2010 [43]. These stumpage
values were used to shock the stumpage input in the CGE model. General Algebraic Modeling System
(GAMS) software [47] and the CONOPT 3 solver were used to solve the CGE model. Economic impact
assessment was performed in the CGE model to evaluate the impacts of each SBW outbreak and
protection scenario on several major economic variables: total stumpage revenue; value of regional
outputs; and value of provincial trade (i.e., net exports). Additionally, following Chang et al. [3], a 4%
discount rate was adopted to estimate the present-value of these economic variables.



Forests 2019, 10, 481 8 of 24

2.5. Benefit-Cost Analysis

We used a benefit-cost analysis (BCA) to compare market and non-market benefits and costs
associated with each SBW defoliation control scenario. Market benefits included the value of timber
harvest volume, and market costs included the aerial spraying costs per hectare multiplied by the
number of hectares treated. Non-market benefits of each SBW defoliation control scenario were
evaluated by aggregating use and non-use values including recreational, wildlife habitat, and other
environmental service values. Market benefits, derived from the SBW DSS, were measured by
comparing differences between the per-period (i.e., 5 year) values of timber harvest volume reduction
(i.e., all harvest tree species) for each defoliation control scenario compared to the no protection
scenario. Per-period values of timber harvest volume reduction were calculated by multiplying the
wood product harvest volume losses (i.e., pulpwood, sawlogs) with wood product values determined
based on: stumpage values (estimated using prices of pulp and sawlog materials on NB private land
(NB ERD 2016 Crown model)), producer surplus in timber and wood products markets (assumed to be
approximately 20% of stumpage prices [2]), a Crown timber License management fee (i.e., estimated at
$3/m3 (NB ERD 2016 Crown model)), and a social adjustment cost (i.e., costs of job searching, assumed
to be 10% of stumpage prices (from [2], based on Van Kooten and Wang [48])). Overall, wood product
values were estimated at $10/m3 for pulpwood and $27/m3 for sawlogs.

Market costs of each SBW defoliation control scenario were calculated by multiplying treatment
area per year by spray program costs: one application of Btk or tebufenozide costs $40/ha; and two
applications of Btk costs $80/ha (personal communication, Forest Protection Limited, 2018). Average
costs for logistical, monitoring, and other costs specific to each strategy were estimated through
consultation with experts in the field.

Non-market benefits of each SBW control effort were adopted from the Chang et al. [20] willingness
to pay (WTP) estimation of the public’s benefit from controlling future SBW outbreaks in NB.
A contingent valuation method (CVM) analysis determined that average WTP was $86.19 (CAD
2007) per household per year for 5 years (2007–2011), including timber value, which was considered
a market benefit, or $53.87 for the non-market benefit [20]. The associated value for a moderate SBW
outbreak was estimated in proportion to the volume lost. All values were assessed in current value
(undiscounted) and present value (discounted) terms, with the latter using a 4% discount rate.

Benefit-cost ratio (BCR; present value benefits divided by present value costs) and net present
value (NPV; present value benefits minus present value costs) measures were compared among forest
protection strategies to determine the preferred strategy on economic grounds. The strategy with the
highest BCR would be selected if the objective was to maximize protection benefits per unit of control
cost, as a cost-effectiveness measure. The strategy with the highest NPV would be preferred if the
primary goal was to maximize net returns of SBW control efforts, as an economic efficiency measure.

3. Results

3.1. Projected Cumulative Timber Harvest Volume Impacts

The projected relative timber volume harvest levels for Crown land in NB from 2012 to 2066
under different SBW outbreak patterns and forest protection scenarios are presented in Figure 1. In this
analysis, we assumed that the EIS works scenario was the same as the no SBW outbreak scenario,
for both moderate and severe outbreak analyses (Figure 1). Without any forest protection, future SBW
outbreaks were forecast to significantly reduce NB available harvest supply from Crown land over the
next 50 years. The NB available harvest supply was projected to substantially decline until it reached
the nadir during the 2032–2046 period, and then to start to recover after defoliation was simulated
to end in 2026. SBW defoliation impact on NB available harvest supply under a moderate outbreak
scenario (Figure 1a) was projected to be more gradual than for a severe outbreak (Figure 1b). Relative to
the baseline no outbreak scenario, projected timber volume harvest levels without any forest protection
were projected to be reduced by up to 13% and 27% under moderate and severe outbreak patterns,
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respectively. Overall, the NB projected available harvest supply (or harvest level) was projected to be
reduced by 28 and 43 million m3 under moderate and severe outbreaks, respectively, over the 50-year
period (Table 1).Forests 2019, 10, x FOR PEER REVIEW 9 of 23 
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(SBW) outbreak and protection scenarios.

Since we assumed that a future SBW outbreak would be prevented if the EIS treatment worked,
the projected NB available harvest supply was assumed to be not affected over the next 50 years.
Consequently, the projected relative timber volume harvest level under the EIS scenario would remain
at the baseline level of 100% (Figure 1). As a result, the 28 and 44 million m3 of cumulative available
harvest volume losses estimated above were anticipated to be saved by EIS treatments under moderate
and severe outbreak patterns, respectively (Table 1). Empirical results from EIS trials from 2014 to 2018
support the assumption that, thus far, EIS works [18].

Under the foliage protection scenarios, available harvest supply savings were also substantial
(Figure 1a,b). Re-planning of harvest scheduling alone was projected to save 12.5 million m3 of
cumulative available harvest volume from loss over the next 50 years (Table 1). By combining foliage
protection with re-planning of harvesting, SBW outbreak impacts on NB available harvest supply
were projected to be reduced further, increasing with the area of Crown forest protected (Figure 1a,b).
Under the moderate outbreak scenario, foliage protection with re-planning of harvesting was projected
to save 17, 19, and 22 million m3 of cumulative available harvest volume from loss when protecting
5%, 10%, and 20% of total susceptible Crown forest, respectively (Table 1). Under a severe outbreak
scenario, a projected 27 million m3 of NB available harvest supply loss was saved when 20% of
susceptible Crown forest was protected (Table 1). We also tested two sensitivity analysis scenarios
considering that EIS partly worked, assuming that it would reduce 80% or 90% of the harvest volume
impact. This amounted to saving 22–25 or 35–39 million m3 under moderate and severe SBW outbreaks,
respectively (Table 1). Both of these would exceed the cumulative timber volume saving of the
re-planning and 20% area protected scenarios (Table 1).
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Table 1. Summary of available harvest volume impact (cumulative from 2017 to 2067) on Crown land
in New Brunswick from moderate and severe spruce budworm outbreak scenarios.

Impact on:
Timber Harvest Volume (million m3) by

Outbreak and Protection Strategy Scenarios

Moderate outbreak Severe Outbreak

Cumulative timber volume harvest loss (−)
With 0% area protected −27.86 −43.54

Cumulative timber volume harvest saving (+)
With re-planning only 12.54 1.20

With re-planning and 5% area protected 16.90 13.36

With re-planning and 10% area protected 19.15 19.42
With re-planning and 20% area protected 21.81 26.71

With Early Intervention Strategy 27.86 43.54
If Early Intervention Strategy works 90% 25.07 39.19

If Early Intervention Strategy works 80% 22.29 34.83

3.2. CGE Model Results

3.2.1. Current Value Stumpage Revenue Impacts

Figure 2 presents the projected relative stumpage revenues for Crown land in NB under different
SBW outbreak and forest protection scenarios over the 50-year period. Since stumpage revenue
values were calculated based on the timber volume harvest results, percentage reductions in stumpage
revenue values were similar to reductions in available harvest supply. Relative stumpage revenues
without SBW control declined by at most by 13% (moderate outbreak) and 27% (severe outbreak).
Overall, cumulative current value stumpage revenue losses without forest protection were estimated
at $178 million and $273 million under moderate and severe outbreak patterns, respectively. Under the
EIS scenario, stumpage revenue savings would equal potential outbreak reductions, because timber
supplies were assumed to remain at their baseline levels over the 50-year period, i.e., no outbreak
(Figure 2). The foliage protection scenarios were projected to save $124–150 million (moderate outbreak)
and $115–188 million (severe outbreak) of stumpage revenue over 50 years, when protecting 5%–20%
of total susceptible Crown forest area, respectively.

3.2.2. Current Value Domestic Output Impacts

Simulations showed that uncontrolled moderate and severe outbreaks would significantly impact
NB’s domestic economic output over the next 50 years, with losses projected to be $24.6 billion and
$35.3 billion with no SBW protection (Table 2). Under the EIS scenario (assuming EIS treatments
worked), the negative impacts of SBW outbreaks on NB domestic output were eliminated over the
50-year period, so cumulative current value total domestic output savings would also be $24.6 billion
(moderate) and $35.3 billion (severe) (Table 2). The foliage protection scenarios were projected to
reduce the impacts of future SBW outbreaks on NB domestic output over the 50 year period by $23–24
billion (moderate outbreak) and $18–31 billion (severe outbreak) when protecting 5%–20% of total
susceptible Crown forest, respectively (Table 2).
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Table 2. Current value a output and net export impacts, cumulative from 2010 to 2060, for moderate
and severe spruce budworm outbreak scenarios on Crown land in New Brunswick.

Impact on:
Economic Output and Net Export ($ billion) by

Outbreak and Protection Strategy Scenarios

Moderate Outbreak Severe Outbreak

Output ($ billion):

Output loss (−)
With 0% area protected −24.63 −35.31

Output saving (+)
With re-planning only 21.71 9.58

With re-planning and 5% area protected 23.14 18.10
With re-planning and 10% area protected 23.65 22.88
With re-planning and 20% area protected 24.10 31.24

With Early Intervention Strategy 24.63 35.31
Net Export ($ billion):

Net Export loss (−)
With 0% area protected −19.57 −27.79

Net Export saving (+)
With re-planning only 17.80 7.75

With re-planning and 5% area protected 18.80 14.45
With re-planning and 10% area protected 19.14 18.22
With re-planning and 20% area protected 19.42 25.04

With Early Intervention Strategy 19.57 27.79
a Values are presented in current-value Canadian dollar terms.

3.2.3. Current Value Net Export Impacts

Projected current value net export losses in NB, compared to the EIS works/no outbreak baseline
scenario, were predicted to be $19.6 billion and $27.8 billion over the next 50 years under uncontrolled
moderate and severe SBW outbreak scenarios (Table 2). Under the EIS works assumption of no future
outbreak, all of this loss would be prevented. Re-planning alone was projected to reduce losses by
$17.8 billion (moderate outbreak scenario) or $7.8 billion (severe outbreak scenario). Foliage protection
applied over 20% of susceptible Crown forest would reduce net export losses up to $19.4 billion
(moderate outbreak scenario) or $25.0 billion (severe outbreak) (Table 2). The large differences of
$6.7–8.5 billion in output and net export savings between the re-planning only versus re-planning with
5% area protected (severe SBW outbreak—Table 2) occur because the SBW DSS is very effective in
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selecting stands that will sustain the highest timber harvest volume losses and directing insecticide
protection to prevent those losses [21,31]. Therefore, the model initially selects stands with the largest
marginal timber supply benefit of protection, and the biggest benefit occurs in the initial 5%–10% of
protection [21,31]. In contrast, the re-planning only scenario has no insecticide protection of stands.

3.2.4. Present Value Stumpage Revenue, Domestic Output, and Net Export Impacts

Table 3 describes the present value stumpage revenue, domestic output, and net export impacts of
future SBW outbreaks and forest protection scenarios on the NB economy and forest-based industries
over the 2010–2060 period. Present values were smaller than the current values presented in Tables 1
and 2 because they were discounted at a 4% market rate of interest. An uncontrolled future

SBW outbreak was forecast to cause $63.6 and $101.2 million of present value stumpage revenue
losses under the moderate and severe outbreak scenarios, respectively (Table 3). The available harvest
supply reductions reflected in these present value stumpage revenue reductions were forecast to cause
$6.1–9.6 billion (moderate and severe outbreak scenarios) of domestic output reductions and $4.7–7.3
billion (moderate and severe outbreak) of net export losses (Table 3). If the EIS is successful, it would
prevent these reductions.

An uncontrolled SBW outbreak was projected to cause large-scale sectoral output and net export
reductions in NB (Table 3). The manufacturing, forestry and logging, and support activities for
agriculture and forestry sectors were the sectors projected to be most affected by a future SBW outbreak
(Table 3). Under a severe SBW outbreak scenario, total economic output was projected to be reduced
from $9.6 billion over 50 years with no outbreak or EIS, to $4.0 billion with no re-planning or foliage
protection to reduce losses (Table 3). This would result in a reduction of net exports from $7.3 billion to
$3.0 billion (Table 3).

3.3. Benefit-Cost Analysis Results

Table 4 presents the present value market and non-market benefits, market costs, BCR and NPV
results under SBW outbreak and forest protection scenarios. Market benefits, based on the NB Crown
SBW DSS model (for timber supply volume savings and market prices), were projected to increase
significantly with more forest protection. Under the EIS scenario (Works 100% column in Table 4),
the cumulative present value market benefits were projected to be $162 million and $319 million
under moderate and severe outbreak patterns, respectively (Table 4). The cumulative present value
market benefits under the foliage protection strategy scenarios were projected to be $118–131 million
(moderate outbreak) and $147–210 million (severe outbreak) when protecting 5%–20% of susceptible
Crown forest (Table 4).

Present value cumulative market costs increased with more Crown forest protected (Table 4).
Present value market cost for the EIS scenarios was $65.5 million, based on treating a cumulative total
of 2,040,000 ha (Figure 3). The foliage protection scenario costs ranged from $35 million to $133 million
(moderate) and $43 million to $164 million (severe) when protecting 5%–20% of total susceptible Crown
forest (Table 4). These costs were from treating 1,136,000 ha (5% of susceptible Crown forest scenario),
2,273,000 ha (10% scenario), or 4,546,000 ha (20% scenario) for moderate outbreak scenarios (Table 4,
Figure 3). These were cumulative amounts over the period from 2017 to 2028 (Figure 3). Areas treated
under the severe outbreak scenario were 280,000–1,136,000 ha higher than for the moderate outbreak,
because defoliation under the severe scenario lasted 2 years longer (Figure 3). This resulted in about
23% higher costs for protection under the severe outbreak scenario, ranging from $7.9 million to $30.7
million higher depending upon the area protected (Table 4).

For non-market benefits, the public’s WTP in NB was highest under the EIS scenario, where NB
households were estimated to be willing to pay up to $90 million and $99 million (present value) over
the next 50 years to prevent future moderate or severe outbreaks, respectively (Table 4). However,
the public’s WTP was significantly lower if future SBW outbreaks were not be prevented. Under the
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foliage protection strategy scenarios, present value non-market benefits ranged from $4.5–18 million
(moderate outbreak) and $4.9–20 million (severe outbreak), with 5%–20% of area protected (Table 4).

Table 3. Present value a cumulative (2010–2060) stumpage revenue, output ($ million CAD) and net
export ($ billion CAD) impacts, by sector, of spruce budworm outbreak and protection scenarios on
Crown Land in New Brunswick.

Outbreak Scenarios and Impacts by
Sector:

Re-Planning and Foliage Protection
Strategy, by % area protected Early Intervention

Strategy b

(2040) d0% c 5% c

(1136) d
10% c

(2273) d
20% c

(4546) d

Moderate Spruce Budworm Outbreak Scenario
Stumpage revenue loss ($ million) −44.49 −49.58 −52.73 −55.53 −63.61

Output loss ($ million):
Forestry and logging −790.64 −882.15 −939.26 −989.95 −1137.09

Support activities for A&F e
−52.48 −60.32 −64.97 −69.44 −81.15

Manufacturing −6624.32 −6989.64 −7127.82 −7237.06 −7398.01
Rest of economy 2024.59 2186.10 2265.80 2334.43 2493.33

Total −5442.85 −5746.01 −5866.25 −5962.02 −6122.93
Net export loss ($ million):

Forestry and logging −174.77 −200.93 −217.78 −233.52 −278.89
Support activities for A&F −21.76 −25.41 −27.53 −29.64 −34.94

Manufacturing −5860.56 −6183.30 −6305.26 −6401.66 −6543.45
Rest of economy 1790.36 1929.61 1997.54 2055.71 2188.49

Total −4266.73 −4480.03 −4553.03 −4609.10 −4668.79
Severe Spruce Budworm Outbreak Scenario

Stumpage revenue loss ($ million) −39.74 −57.16 −67.88 −80.07 −101.19
Output loss ($ million):

Forestry and logging −709.46 −1,018.19 −1,208.84 −1,425.36 −1,807.11
Support activities for A&F −41.29 −65.92 −80.39 −96.72 −128.27

Manufacturing −4609.69 −6990.15 −8396.04 −10,469.37 −11,563.92
Rest of economy 1396.76 2185.22 2647.49 3295.06 3864.69

Total −3963.68 −5889.03 −7037.77 −8696.39 −9634.61
Net export loss ($ million):

Forestry and logging −152.40 −227.26 −273.33 −325.46 −437.66
Support activities for A&F −15.90 −27.03 −33.44 −40.63 −55.12

Manufacturing −4089.39 −6194.64 −7438.60 −9269.10 −10,235.98
Rest of economy 1267.10 1958.66 2363.30 2925.33 3412.06

Total −2990.58 −4490.28 −5382.06 −6709.86 −7316.71
a All values are presented in present value (2011) Canadian dollar terms using a 4% discount rate. b Stumpage
revenue, output, and net exports under the EIS are equal to projected losses under a no protection scenario. c Percent
of area protected. d Values in parentheses represent 000′s of hectares protected for the moderate outbreak scenario.
Values for the severe outbreak scenario were 1420, 2841, and 5682 ha, respectively. e Agriculture and Forestry.

Regarding efficiency of forest protection scenarios, the NPV analysis indicated that the EIS scenario
was the most economically efficient (i.e., highest NPV) strategy for both market and total (i.e., market
and non-market) values (Table 4). The market NPV of the EIS scenario was projected to be $96 million
(moderate outbreak) and $254 million (severe outbreak). Including non-market values, total NPV of the
EIS scenario increased to $186 million (moderate outbreak) and $353 million (severe outbreak) (Table 4).
The foliage protection scenarios were forecast to provide the least efficient forest protection. The market
and total NPV of the foliage protection strategy under a moderate outbreak scenario were estimated
to range from $82 million and $87 million with 5% of Crown forest protected, to $–2 million and $16
million with 20% of Crown forest protected. The NPV estimates were substantially higher under
a severe outbreak scenario, with values of $104–109 million (market and total NPV, respectively) with
5% area protected and $46–66 million with 20% of total susceptible Crown forest protected (Table 4).
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Table 4. Projected present valuea benefits and costs of spruce budworm control programs on Crown
land in New Brunswick over 50 years from 2010 to 2060.

Outbreak Scenarios and Values:

Foliage Protection Strategy,
by % Susceptible Crown

Forest Protected (‘000 ha) b

Early Intervention Strategy c

(2040)

5%
(1136)

10%
(2273)

20%
(4546)

Works
100%

Works
90%

Works
80%

Moderate Spruce Budworm Outbreak Scenario
PV f Market Benefit ($ million) d 117.55 123.94 130.91 161.79 145.61 129.43

PV Market Costs ($ million) e
−35.35 −67.87 −132.94 −65.50 −65.50 −65.50

PV Non-Market Benefits ($ million) 4.48 8.96 17.92 89.63 80.66 71.70
PV BCR g of Protection [Market value] ($/$) 3.33 1.83 0.98 2.47 2.22 1.98

PV BCR of Protection [Market + Non-Market] ($/$) 3.45 1.96 1.12 3.84 3.45 3.07
NPV h of Protection [Market value] ($ million) 82.20 56.07 −2.03 96.29 80.11 63.94

NPV of Protection [Market + Non-Market] ($ million) 86.68 65.03 15.90 185.92 160.78 135.64

Severe Spruce Budworm Outbreak Scenario
PV f Market Benefit ($ million) d 147.07 173.77 209.84 319.33 287.40 255.47
PV Market Costs (–$ million) e

−43.26 −83.41 −163.67 −65.50 −65.50 −65.50
PV Non-Market Benefits ($ million) 4.94 9.89 19.77 98.87 88.98 79.09

PV BCR g of Protection [Market value] ($/$) 3.40 2.08 1.28 4.88 4.39 3.90
PV BCR of Protection [Market + Non-Market] ($/$) 3.51 2.20 1.40 6.39 5.75 5.11

NPV h of Protection [Market value] ($ million) 103.81 90.35 46.17 253.84 221.90 189.97
NPV of Protection [Market + Non-Market] ($ million) 108.75 100.24 65.94 352.71 310.89 269.07

a All values are presented in present value (2011) Canadian dollar terms using a 4% discount rate. b Foliage
protection strategy assuming a potential moderate or severe outbreak scenario starts in 2015, forest insecticide
spraying starts in 2018, and covers 5%, 10%, or 20% of susceptible Crown forest. Areas in ha treated for the moderate
outbreak scenario are in parentheses, and similar areas for the severe outbreak scenario were 1420, 2841, and 5682
ha, respectively. The total SBW susceptible area was estimated at 2,840,860 ha in New Brunswick Crown forest
[3]. c Assuming that the Early Intervention Strategy works completely (100%) or works partially (90% or 80%,
see Table 1) as a sensitivity analysis. d Market benefits were estimated using the Crown stumpage revenue net of
license management fees from the 2016 New Brunswick Crown timber supply model. e Market costs contain forest
insecticide spraying program treatment costs and monitoring costs. f PV = present value. g BCR = benefit-cost ratio
(i.e., BCR of protection = PV benefits/PV costs).h NPV = net present value (i.e., NPV of protection = (PV benefits-PV
costs)/(1 + discount rate) n).

With regard to cost-effectiveness, BCR analysis revealed that the EIS was the most cost-effective
(i.e., highest BCR) forest protection strategy, with a BCR of 3.8 (moderate outbreak) and 6.4 (severe
outbreak), including both market and non-market values. Only considering market values, the EIS
scenario had the highest BCR of 4.9 under a severe outbreak, but the foliage protection strategy with
5% of Crown forest protected scenario had the highest BCR of 3.3 under a moderate outbreak. Similar
to the NPV estimates, higher forest protection levels generally led to lower BCRs. For example, market
BCRs for the foliage protection strategy scenarios declined from 3.3 to 1.0 when forest protection area
increased from 5% to 20% of total susceptible Crown forest (Table 4).

The sensitivity analysis (‘what if’ EIS works 90% or 80%) showed that under a severe SBW
outbreak scenario, EIS works 90% and EIS works 80% always ranked second and third, after EIS works
100% and with the foliage protection strategies ranked numbers 4–6 (Table 4). Under a moderate SBW
outbreak, the EIS works 90% scenario ranked second for market and non-market benefits, BCR and
NPV (market + non-market), but third for BCR and NPV (market benefits only) (Table 4). The EIS
works 80% resulted in third or fourth ranks, behind foliage protection 20% for market benefits and
behind the foliage protection 5% for BCR and NPV (market) (Table 4). Therefore, it is likely that even if
the EIS only partially works (saving 80%–90% of the uncontrolled outbreak timber harvest losses),
it will be economically superior to foliage protection scenarios.
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Figure 3. Projected total treatment area for Crown land in New Brunswick under (a) moderate and (b)
severe SBW outbreak and protection scenarios.

4. Discussion

We coupled an advanced SBW DSS model with a dynamic CGE model to assess the impacts of
future SBW outbreaks and forest protection strategies on available timber harvest from Crown land in
NB and the provincial economy. Several key findings resulted from this research. First, the SBW DSS
and CGE model results showed that unprotected future moderate or severe SBW outbreaks would have
very large impacts on the available timber harvest from Crown land in NB and the regional economy.
Sectoral economic outputs and net exports from forest-related industries in NB would be severely
reduced. Approximately 50% of the NB provincial wood supply is from Crown land [22], so overall
impacts from all land in NB would be roughly double what is reported here, but developing a timber
supply model for private land was beyond the scope of this study. Our results were consistent with,
but relatively higher than, previous economic impact research on SBW outbreaks in NB conducted
by Chang et al. [3]. We utilized a revised SBW DSS model [4,28], applied to more recent (2017) NB
forest inventory than in [3], as well as more refined modelling of the economic structure in CGE model.
Our results were also for a longer study horizon, 50 years instead of 30 years, which is the main
explanation of the larger impacts relative to previous results from [3].

Results from this study are applicable to other locations, countries, or different insect pests in
several ways. First, SBW outbreaks occur across Canada and north-eastern United States, and the
general level of timber harvest reductions and resulting economic and cost/benefit effects are applicable
in other regions. Secondly, the SBW DSS tool has already been applied in several other jurisdictions:
Maine, USA [49], Quebec [50], and four other provinces in Canada [28]. Thus, existing SBW DSS
installations in these areas could be used with regional CGE or other economic models to estimate
regional economic effects of SBW outbreaks. Third, the general approach of using a scenario planning
approach to evaluate effects of defoliation on timber harvest volumes and resulting economic effects
is applicable for other insects and countries, but would require local calibration of models. Finally,
if the EIS approach continues to work, our cost/benefit results are useful in providing rationale for
conducting other early intervention trials.

The EIS and foliage protection strategy both significantly mitigated SBW outbreak impacts on the
regional economy. By definition, because it was assumed to result in no outbreak, the EIS scenario
saved the most total domestic output and net exports over the 50-year period. Sensitivity analysis if
EIS works 80% or 90% scenarios were superior to the best foliage protection scenario for all economic
indicators under a severe outbreak, but were less cost effective than the 5% area protected for BCR and
NPV of market values. It is impossible to know without a longer-term test whether EIS will continue
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to work, as the EIS research is less than one-half of the way through the current trial in NB, but thus far,
results have been very positive [18]. Following 5 years of EIS treatments of low but increasing SBW
populations, L2 populations across northern NB were much lower than SBW populations in adjacent
Québec [18]. SBW populations in areas treated with Btk or tebufenozide were consistently reduced,
and defoliation detected from aerial surveys in 2017–2018 in NB was only 550–2500 ha, compared to
over 2.5 million ha in adjacent Bas St. Laurent-Gaspésie areas of Québec [50]. The foliage protection
strategy also substantially reduced impacts of SBW outbreaks on the NB economy, but under the
severe outbreak scenario, would still result in $4.1 billion lower economic output over 50 years than no
outbreak or the EIS works scenario, at 2.5 times higher cost for the 20% area protected, severe SBW
outbreak scenario.

Although larger foliage protection areas were consistently associated with higher available harvest
supply and larger sectoral/economy-wide savings, they were generally not more cost-effective or
efficient. BCA and NPV analyses revealed that treating 5% of susceptible Crown forest with insecticides
was often the most cost effective and efficient due largely to the rate at which treatment costs increased
with the area treated. This finding is consistent with previous results [2] except the market costs in
our study were comparatively higher than those estimated by Chang et al. [2], because they assumed
that foliage protection was applied only in peak defoliation years, when current balsam fir defoliation
was higher than 70%, whereas we assumed foliage protection whenever defoliation exceeded 40%.
The Chang et al. [2] approach would apply foliage protection only when required to keep trees alive,
whereas our approach would limit defoliation sufficiently to prevent growth reduction. Overall,
this finding suggests that it is essential for forest policy makers to consider BCR and NPV economic
criteria when making informed foliage protection strategy.

Results also showed that re-planning of harvesting alone was forecast to significantly reduce
SBW outbreak impacts on NB gross domestic output and net exports, particularly if the outbreak
severity was only moderate. Combining re-planning of harvesting with foliage protection led to further
substantial output and net export savings, similar to results of Chang et al. [3].

A final, and possibly most important, finding was that the EIS scenario was the most cost-effective
and efficient forest protection strategy with the highest BCR of protection of 3.8–6.4 (moderate-severe
outbreak scenarios). This largely had to do with the significant available harvest supply and
market/non-market savings associated with the assumption that EIS treatments would be effective in
preventing an SBW outbreak. Even the most aggressive foliage protection strategy still resulted in
billions of dollars of economic impact over a 50-year period. Foliage protection on 20% of susceptible
Crown forest cost 2.5 times more than the EIS scenario. Although market benefits and available harvest
supply increased with area of foliage protection, due to high treatment cost, foliage protection of 20%
of susceptible Crown forest was neither the most cost-effective nor economically efficient strategy,
and in fact resulted in a negative market NPV of $–2.03 million of protection over 50 years.

While interesting findings emerged from this research, there were still several limitations. We used
a single regional CGE model, whereas a multi-regional CGE model would better reflect reality
by allowing for more detailed accounting of import/export substitution by region of origin and
destination [35]. This was beyond the scope of the current study, but it is the authors’ intent to attempt
a multi-regional CGE model for more in-depth economic impact analysis in future. Our projection
only addressed available harvest from Crown land, about 50% of timber supply in NB [22]. Another
limitation, particularly with regard to the BCA and NPV analysis, was the lack of data on costs
associated with the re-planning harvests. Better estimates might change the cost-effectiveness and
efficiency ranking of forest protection strategies. Further, the non-market benefit estimates in this
study, from Chang et al. [20], only included recreation and wildlife values. These values may have
changed over time, and other non-market values such as carbon and water quality, which were not
valued, may be important to the NB population. Including updated and more robust non-market
values might lead to even stronger economic support for forest protection scenarios with high forest
protection levels.
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5. Conclusions

Our results have shed important light on potential biophysical and economic consequences of
future SBW outbreaks and forest protection strategies. The findings confirmed that an EIS, assuming
that it continues to work, was predicted to best mitigate negative economic impacts of SBW and was the
most cost-effective and economically efficient forest protection strategy. This indicates that it is justified
on economics grounds to continue recent efforts to utilize EIS to control future SBW outbreaks in NB.
Following 5 years of EIS treatments of low but increasing SBW populations, SBW across northern NB are
considerably lower than populations across the border in adjacent Québec [18]. These positive results
from 2014 to 2018 trials have resulted in the Healthy Forest Partnership EIS team being approved for $75
million of additional funding from Natural Resources Canada to continue EIS trials from 2018 to 2022.
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Appendix A

Table A1. Computable General Equilibrium (CGE) model variables.

Variables Description Variables Description

Production Block Household Block

FADif Factor input demand INC Household total gross income
FASif Factor supply SAH Household savings

VADi Value-added input demand CBUD Household disposable income
(budget) after saving

IDEi Composite intermediate input demand SBUD Household discretionary
(supernumerary budget)

PVAi Value-added input price CONi
Household consumption demand of

commodities
PIDi Intermediate input price SAT Household savings

PFf Factor price INVi
Household investment demand for

commodities
Pi Price of composite commodities demand (input)

PDi
Price of composite domestic production supply

(output) Government Block

PDDi
Price of domestic output delivered to home

markets KG Government capital demand

Xi Domestic sales of composite commodities LG Government labor demand
XDi Domestic production (output) CGi Public demand for commodities

XDDi Domestic output delivered to home markets SAG Government savings
TAXR Total tax revenues
TRMT Total import tariff revenues

Foreign Trade Block TRF Total government transfer

Mi Composite import TRO Other government transfer
Ei Composite export UNEMP Unemployment level (Philips curve)

PMi Domestic import price CPI Consumer price index
PEi Domestic export price tci Tax rate on consumer commodities
SAF Foreign savings tki Tax rate on capital use
ER Exchange rate tli Tax rate on labor use
OBJ Dummy objective variable tyi Tax rate on income

* Subscript i is a set that denote sectors of the economy (i.e., 1, 2, 3, . . . , 23); subscript f is a set that denotes input
factors (i.e., capital, labor, and stumpage).
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Table A2. CGE model parameters.

Parameters Description

Elasticities of substitution
σVi Substitution in the composite value-added function

σPi
Substitution between the composite value-added input and the

composite intermediate input
σAi Armington substitution between imports and domestic commodities
σTi CET substitution between domestic and export markets
σYi Income elasticities of demand for commodities

Share parameters
γVif Share parameter in composite value-added input function
γpi Share parameter in total cost (production) function
γAi CES share parameter in Armington function
γTi CET share parameter in transformation function

Efficiency (shift) parameters
ØVi Shift parameter in the composite value-added input function
ØPi Shift parameter in total cost (production) function
ØAi Shift parameter in Armington function
ØTi Shift parameter in transformation function

Other parameters
αCGi Cobb–Douglas power of commodities bought by government
αKG Cobb–Douglas power of capital use by government
αLG Cobb–Douglas power of labor use by government
αIi Cobb–Douglas power share parameter for investment goods

trep Replacement rate
IOi Technical coefficients of intermediate input
η Philips curve parameter
Ψi Budget shares in nested-LES household utility function
µHi Household subsistence consumption level
λi Marginal propensity to save

Dynamic Growth Path
GRW Initial steady-state labor growth rate
RRR Real rate of return on capital

Timet Time period into future from base year 2010
GrowthTSt Annual stumpage revenue growth rate

* Subscript i is a set that denote sectors of the economy (i.e., 1, 2, 3, . . . , 23); subscript f is a set that denotes input
factors (i.e., capital, labor, and stumpage); subscript t is a set that denotes time period in years from base year 2010
(i.e., 1, 2, 3, . . . , 50).
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Table A3. CGE model equations.

Equation Description

Production Block

FADi f =
[
VADi (γVi)

σVi
]
/{OVi

(
PF f

)σVi

 3∑
f=1

(γVi)
σVi (PF f )

1−σV


σVi
1−σVi

}where f denotes

labor, capital for all sectors, and stumpage for forestry sector only.

Eq.(A.1) Factor demand by firm

VADi =
(

XDi
OPi

)( γpi
PVAi

)σPi
[
γpσPi

i PVA1−σPi
i + (1− γpi)

σPi PIDi
1−σPi

] σPi
1−σPi

Eq.(A.2) Value-added demand

PIDi =
(

XDi
OPi

)( 1−γpi
PIDi

)σPi [
γpσPi

i PVA1−σPi
i + (1− γpi)

σPi PIDi
1−σPi

] σPi
1−σPi Eq.(A.3) Composite intermediate input

PDiXDi = PVAiVADi + PIDiIDEi
Eq.(A.4) Zero profit condition for the firm

Household Block

INC =
3∑

f=1
(PF f FAS f ) + TRF Eq.(A.5) Household total gross income

SAH = λi INC Eq.(A.6) Household savings

CBUD = INC – SAH Eq.(A.7) Household disposable income after tax and savings

SBUD = CBUD−
20∑

i=1
PiµHi

Eq.(A.8) Household discretionary budget

(1 + tci)PiCONi = (1 + tci)Pi µHi + Ψi

[
CBUD−

20∑
i=1

µHi(1 + tci)Pi

]
Eq.(A.9) Household consumption demand of commodities

SAT = SH + SG CPI + SF ER Eq.(A.10) Household total savings

PiINV = αIiSAT Eq.(A.11) Investment demand for commodities
PF f
CPI
PF0

f
CPI0

− 1

 = η

 UNEMP
FAS f

UNEMP0

FAS f
0

− 1

 where subscript f denotes labor Eq.(A.12) Unemployment level (Philips curve)

CPI =

(
20∑
i−1

PiCONt

)
/
(

20∑
i−1

Pi
0CONt

0
)

Eq.(A.13) Consumer price index
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Table A3. Cont.

Equation Description

Government Block

PiCGi = αCGi(TAXR− TRF− SG ∗CPI). Eq.(A.14) Government demand for commodities

PF f KG = αKG(TAXR− TRF− SG ∗CPI) where f denotes capital Eq.(A.15) Government capital demand function

PF f LG = αLG(TAXR− TRF− SG ∗CPI) where f denotes labor Eq.(A.16) Government labor demand function

TAXR = tyiINC +
20∑

i=1
(PitciCONi + FAD f tkiPF f + FAD f tliPF f + MitmiPMiER). Eq.(A.17) Total tax revenues

TRF = trep PF f ∗UNEMP + TROCPI where f denotes labor Eq.(A.18) Total transfers

TRMT =
20∑

i=1
tmiMiPMiER Eq.(A.19) Total tariff revenue

Market Clearing Block

20∑
i=1

FADi f + KG = FAS f −UNEMP where f denotes labor Eq.(A.20) Market clearing for labor

20∑
i=1

FADi f + LG = FAS f where f denotes capital Eq.(A.21) Market clearing for capital

FADi f = FAS f where f denotes stumpage and I denotes forestry and logging sector Eq.(A.22) Market clearing for stumpage

Xi = CONi + INVi + CGi +
20∑

i=1
IOiXDi Eq.(A.23) Market clearing for commodities

20∑
i=1

MiPMi =
20∑

i=1
EiPEi + SAF Eq.(A.24) Trade Balance of payments
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Table A3. Cont.

Equation Description

Trade Block

a) Export side

XDDi = (XDi/OTi)
( 1−γTi

PDDi

)σT[
γTσTi

i PE1−σTi
i + (1− γTi)

σTi PDDi
1−σTi

] σTi
1−σTi Eq.(A.25) Domestic supply of domestic output (supply side)

Ei = (XDi/OTi)
(
γTi
PEi

)σT[
γTσTi

i PE1−σTi
i + (1− γTi)

σTi PDDi
1−σTi

] σTi
1−σTi

Eq.(A.26) Export demand for domestic output

PDiXDi = PEiEi + PDDiXDDi
Eq.(A.27) CET zero profit condition (profit maximization)

b) Import side

XDDi = (XDi/OAi)
( 1−γAi

PDDi

)σA[
γAσAi

i PM1−σAi
i + (1− γAi)

σAi PDDi
1−σAi

] σAi
1−σAi Eq.(A.28) Domestic demand for domestically produced goods

(demand side)

Mi = (XDi/OAi)
(
γAi
PMi

)σA[
γAσAi

i PM1−σAi
i + (1− γAi)

σAi PDDi
1−σAi

] σAi
1−σAi

Eq.(A.29) Domestic demand for composite imported goods

PDiXDi = PMiMi + PDDiXDDi
Eq.(A.30) Armington CES zero profit condition (cost minimization)

Macroeconomic Closures

PDiXDi = PMiMi + PDDiXDDi Eq.(A.31) Exogenously fix factor endowments

SAF = SAF0 Eq.(A.32) Exogenously fix foreign savings

SAG = SAG0 Eq.(A.33) Exogenously fix government savings

TRO = TRO0 Eq.(A.34) Exogenously fix government other transfer

Artificial Objective Function

OBJ = 1 Eq.(A.35) Dummy objective variable

Dynamic Growth Path

RRR = PF0
f FAS0

f

(
GRW
SAT0

)
where f denotes capital factor Eq.(A.36) Real rate of return on capital

GRWt = (SATRRR)/
(
PF f FAS f

)
where f denotes capital factor input Eq.(A.37) Growth path for each time period recursive loop run

FAS f = (1 + GRWt)FAS f where f denotes capital factor input Eq.(A.38) Exogenously fixing capital growth path dynamic loop

FAS f = (1 + GSW)FAS f where f denotes labor factor input Eq.(A.39) Exogenously fixing labor growth path dynamic loop

FAS f = (1 + GrowthTS)FAS f
0 where f denotes stumpage in forestry and logging sector Eq.(A.40) Exogenously fixing stumpage growth path dynamic loop

* Subscript i is a set that denote sectors of the economy (i.e., 1, 2, 3, . . . , 23); subscript f is a set that denotes input factors (i.e., capital, labor, and stumpage); subscript t is a set that denotes
time period in years from base year 2010 (i.e., 1, 2, 3, . . . , 50).
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