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Spruce budworm and management effects on
forest and wood product carbon for an intensively
managed forest

Chris R. Hennigar and David A. MacLean

Abstract: An integrated forest management optimization model was developed to calculate potential spruce budworm
(Choristoneura fumiferana Clemens) effects on forest and wood product carbon (C) from 2007 to 2057 and to evaluate po-
tential C sequestration benefits of alternative management strategies (salvage, biological insecticide application). The
model was tested using simulated spruce budworm outbreaks on a 210000 ha intensively managed forest in northwestern
New Brunswick, Canada. Under a severe spruce budworm outbreak scenario from 2007 to 2020, harvest volume and forest
and wood product C storage in 2027 were projected to be reduced by 1.34 Mm?, 1.48 Mt, and 0.26 Mt, respectively, com-
pared with the levels under no defoliation. Under the same severe outbreak scenario, implementation of salvage and har-
vest replanning plus a biological insecticide applied aerially to 40% of susceptible forest area, reduced harvest, forest C,
and wood product C impacts by 73%, 41%, and 56%, respectively. Extrapolation of these results to all of New Brunswick
suggests that a future severe spruce budworm outbreak could effectively increase total provincial annual C emissions (all
sources) by up to 40%, on average, over the next 20 years. This modeling approach can be used to identify to what extent
insecticide application, as a forest-C-offset project, could result in additional C storage than without forest and pest man-
agement.

Résumé : Un modele intégré d’optimisation de I’aménagement forestier a été développé pour calculer les effets potentiels
de la tordeuse des bourgeons de 1’épinette (Choristoneura fumiferana Clemens) sur le carbone (C) forestier et celui des
produits du bois de 2007 a 2057 et évaluer les bénéfices de stratégies alternatives d’aménagement (coupe de récupération,
application d’insecticide biologique) sur la séquestration potentielle du C. Le modele a été testé en ayant recours a des €pi-
démies simulées de tordeuse des bourgeons de 1’épinette dans une forét de 210 000 ha aménagée de fagon intensive dans
le nord-ouest du Nouveau-Brunswick, au Canada. Comparativement a ’absence de défoliation, un scénario impliquant une
épidémie sévere de tordeuse des bourgeons de I’épinette de 2007 a 2020, réduirait de respectivement 1,34 Mm?, 1,48 Mt
et 0,26 Mt le volume de récolte et le stockage du C en forét et dans les produits du bois en 2027. Dans le méme contexte
d’une épidémie sévere, le recours a la coupe de récupération et a la replanification de la récolte en plus de I’application
aérienne d’un insecticide biologique sur 40 % de la superficie de forét vulnérable a réduit de respectivement 73, 41 et

56 % les impacts sur la récolte, le C forestier et celui des produits du bois. L’extrapolation de ces résultats a 1’ensemble
du Nouveau-Brunswick indique que dans I’avenir une épidémie sévere de tordeuse des bourgeons de 1’épinette pourrait ef-
fectivement augmenter jusqu’a 40 % en moyenne les émissions annuelles totales (toutes les sources) de C de la Province
au cours des 20 prochaines années. Cette approche de modélisation peut étre utilisée pour déterminer dans quelle mesure
Iapplication d’insecticide pour réduire les pertes de C forestier pourrait se traduire par un stockage additionnel de C com-
parativement a une situation ou il n’y aurait ni aménagement de la forét, ni gestion des ravageurs.

[Traduit par la Rédaction]

Introduction

Heightened pressure to reduce Canada’s greenhouse gas
emissions has amplified the need for reliable information to
identify forest management and protection contributions to-
ward forest carbon (C) sequestration. Conceivable contribu-
tions include silviculture to increase tree growth and pest
management to maintain C storage (i.e., to prevent tree
growth loss and mortality during insect outbreaks). Trees se-
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quester C directly; major insect outbreaks kill trees over
large areas, thus reducing C storage, preventing living bio-
mass from accumulating C, and resulting in C transfer to
the atmosphere as dead trees decompose. Recent research
has evaluated the effects of (i) gypsy moth (Lymantria dis-
par L.) outbreaks on C using eddy covariance to measure
net carbon dioxide (CO,) exchange with the atmosphere
and using biometric measurements to characterize net eco-
system productivity (Clark et al. 2010), and (ii) hemlock
wooly adelgid (Adelges tsugae Annand) outbreaks on C dy-
namics of eastern United States forests (Albani et al. 2010).

Periodic population eruptions of spruce budworm (Choris-
toneura fumiferana Clemens; SBW) occur throughout much
of North America’s boreal, Great Lakes — St. Lawrence, and
Acadian forests. These usually last 5-15 years, reoccur
every 30-40 years (Royama 1984), and cause severe defoli-
ation of balsam fir (Abies balsamea (L.) Mill.) and spruce
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(Picea spp.), resulting in major effects on forest manage-
ment (e.g., MacLean 1980; Baskerville 1995; MacLean et
al. 2002). SBW caused an estimated loss of 44 x 106 m3 of
timber volume per year from 1977 to 1981 at the peak of
the last outbreak in Canada (Sterner and Davidson 1982).
Understanding the effects (e.g., defoliation and resulting im-
pacts on tree growth and survival) of SBW populations on
hosts, in conjunction with current and potential forest-pest
management during outbreaks, is fundamentally important
for predicting forest C dynamics in eastern Canada.

Analysis of C dynamics in Canada’s managed forests for
the period 1920 to 1989 demonstrated that net ecosystem C
storage was positive until 1979, but as a result of high rates
of natural disturbance (wildfire and insect outbreaks) from
1970 to 1989, the forests of Canada became a net C source
from 1980 to 1989 (Kurz et al. 1995; Kurz and Apps 1999).
Projections of national ecosystem C for the periods 1980-
2032 (Kurz and Beukema 2001) and 1990-2040 (Kurz and
Apps 1995) demonstrated that future disturbance rates may
have a large impact on the direction (sink or source) and
magnitude of forest C stock changes. Canada’s managed for-
ests are projected to be a source of 8.2-66.8 Mt C-year!
(converted from CO, equivalents per year) during the first
Kyoto commitment period, from the combined risk of fire,
mountain pine beetle (Dendroctonus ponderosae Hopkins),
increased salvage logging, projected SBW outbreaks starting
between 2008 and 2011, and other insects (Kurz et al.
2008a). Kurz et al. (2008b) estimated that from 2000 to
2020 the cumulative mountain pine beetle forest C impacts
will be 270 Mt. These natural disturbance impacts on forest
C are potentially large enough to completely counter the C
sequestration benefits of, and incentives for, improved forest
management under Canada’s current C accounting rules, as
natural disturbance effects on C dynamics are currently re-
ported in national forest C stock changes (Bottcher et al.
2008; Kurz et al. 2008a).

While forest C analyses on a national level have included
estimates of human and natural disturbances, C analyses at
the level of operational forest management become compli-
cated because of difficulties in estimating (i) insect-caused
tree mortality and growth loss for specific stand types (spe-
cies, age, management); (i) stand dynamics following non-
stand-replacing disturbances (Kurz et al. 2003); (iii) forest-
level effects of salvage and modified harvest scheduling;
and (iv) subsequent effects of pest and forest management
on forest and wood product C stock dynamics over time.
Salvage harvesting removes trees recently killed by insects
or fire, while modified harvest scheduling reflects amend-
ments to planned stand interventions (timing, amount har-
vested or planted) in response to anticipated tree growth
loss and mortality. Kurz et al. (2003) determined that with-
out salvage logging, simulations of national ecosystem C ac-
cumulation were underestimated by 4.5% from 1920 to 1989
because historical insect- and human-disturbed areas were
double-counted. Spruce—fir harvest impacts from SBW dis-
turbance can be reduced by up to 30% when modified har-
vest scheduling with salvage is used to minimize harvest
volume loss from SBW, compared with using the pre-
planned schedule with no modifications for SBW disturb-
ance (Hennigar et al. 2007). These examples suggest that if
the effects of harvest plan amendments during SBW out-
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breaks are not explicitly accounted for, the resulting future
forest conditions and harvest levels may be poorly repre-
sented, and the conclusions of the effects of pest manage-
ment on both forest and product C stocks will be distorted.

Over the last decade, research has made progress in esti-
mating (7) stand- and forest-level impacts of SBW by using
a decision support system (DSS) (Erdle 1989; Erdle and
MacLean 1999; MacLean et al. 2001; Hennigar et al. 2007)
and (i7) C dynamics in the forest (Neilson et al. 2008; Kurz
et al. 2009) and off-site in wood products (Apps et al. 1999;
Hennigar et al. 2008a). In this study, we synthesize these
methods (Hennigar et al. 2007, 2008a; Neilson et al. 2008)
into a single forest management linear optimization environ-
ment (Woodstock; Remsoft Inc.) to estimate SBW disturb-
ance effects on volume harvested and C dynamics both in
the forest and in wood products for a variety of SBW out-
break and management scenarios. This approach permits a
more holistic representation of SBW-human disturbance ef-
fects on forest C by combining stand-level volume and C
dynamics with and without defoliation, with management
(salvage, modified harvest scheduling, and insecticide appli-
cation) to minimize harvest impacts.

We approached this by simulating alternative SBW out-
breaks and management scenarios from 2007 to 2057 for a
210000 ha intensively managed forest in northwestern New
Brunswick. Our objectives were to provide an integrated
SBW-forest C model to (i) forecast potential SBW outbreak
effects on forest and wood product C, (ii) help define C
stock baselines (Bottcher et al. 2008) for forest management
activities with or without SBW, and (iii) evaluate potential
C sequestration benefits of alternative pest management
strategies to help guide forest C policy decisions.

Methods

Study area

The J.D. Irving, Limited, Black Brook District located in
northwestern New Brunswick, Canada (47°9'51"N to
67°55'27"W), was used to demonstrate the application of
our model framework. Approximately 198000 ha are pro-
ductive forest, with 139500 ha being susceptible to SBW
(defined here as the area projected to sustain defoliation or
because stands have a >10% host volume composition), and
69% of the susceptible area containing >75% host species
by volume (Table 1). Nonsusceptible area is nearly totally
composed of shade-tolerant hardwoods. Common stand
types and management regimes include (i) spruce planta-
tions commercially thinned 2-3 times before final harvest
(82000 ha); (i) uneven-aged shade-tolerant hardwood
stands managed by single-tree or group selection harvest
(65000 ha), including yellow birch (Betula alleghaniensis
Britton), sugar maple (Acer saccharum Marsh.), and beech
(Fagus grandifolia Ehrh.); (iii) intolerant to intermediately
tolerant hardwood (5000 ha) dominated by trembling aspen
(Populus tremuloides Michx.), red maple (Acer rubrum L.),
and white birch (Betula papyrifera Marsh.); (iv) softwood
(balsam fir, spruce, cedar (Thuja occidentalis L.);
29000 ha); and (v) mixedwood stands (18 000 ha) managed
using selection, shelterwood, patch, or clear-cut harvesting.
Restricted harvest (e.g., deer wintering areas) and no-harvest
zones (e.g., buffers, reserves, not operable) comprise 12%
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Table 1. Percentage of susceptible area (139 500 ha; area with >10% host volume) of the Black Brook
District in New Brunswick, divided into spruce budworm stand impact classes” based on species compo-
sition, age class (immature (<40 years old) or mature), and management (intensive or extensive).

% Species composition’

Susceptible area (%)

Species

class? % Host % Host as FW Immature Mature Intensive® Extensive®
FW >75 >75 22 7 27 2
FW-RB 50-74 8 5 8 5
RB-FW 0-49 20 7 24 3
FW-NH 50-74 50-100 2 5 0 7
RB-NH 0-49 0 4 0 4
NH-FW 25-49 50-100 1 10 0 11

NH-RB 049 1 0 0 1

NH 11-24 >0 0 8 0 8

*Seventy-two stand impact classes are represented in the stand impact matrix, representing 18 species classes (those
shown plus others) X two maturity classes (immature, mature) X two management types (intensive or extensive). Area

with <10% host species was considered nonsusceptible.

Percentage by volume measured at outbreak initiation.
*Host species — FW, balsam fir and (or) white or Norway spruce; RB, red and (or) black spruce; NH, non-host

species.

‘Intensive management includes planted or thinned stands, while extensive management refers to stand types
originating from natural regeneration or single-tree or group selection harvest.

and 10% of the productive area, respectively. Detailed de-
scriptions of historical forest conditions and management
can be found in Hennigar et al. (2007).

The J.D. Irving, Limited 2007 forest estate model was
built by J.D. Irving, Limited using the program Woodstock
and was used as the base model formulation (no defoliation)
for all simulations. Woodstock is a flexible and widely ac-
cepted modeling program developed by Remsoft, Inc., and
is capable of solving complex mathematical forest manage-
ment problems through the use of commercial linear optimi-
zation solvers or simulation modeling. The Black Brook
District forest is managed to maximize nondeclining dis-
counted sawlog and pulpwood harvest of spruce—fir, yellow
birch, and sugar maple. While the company’s main objective
is profit, J.D. Irving, Limited is a vertically integrated
(forest operations, mills, multiple products, retail) company,
and at times, may derive more revenue from mill operations
than forest operations. For this and other reasons, strategic
timber supply modeling has been simplified both within for-
est management planning at J.D. Irving, Limited and in this
paper by maximizing harvest rather than profit. At the stand
level, silviculture is limited to stand conditions (tree size,
products) considered profitable to harvest, from a company
perspective. Other non-timber values such as water quality
and biodiversity are managed using zoned harvest restric-
tions on water-course buffers, deer wintering areas, vegeta-
tion communities, and unique sites (J.D. Irving, Limited
2002; New Brunswick Department of Natural Resources
2005).

Spruce budworm outbreak scenarios

Rather than real-time prediction of future budworm out-
breaks, the SBW DSS uses a scenario planning approach to
examine ‘“what if” outcomes of user-specified scenarios. It
is not possible to predict SBW outbreak dynamics in ad-
vance of an outbreak. Once SBW populations begin to rise,
pheromone traps, egg mass, and larval sampling are used

operationally to estimate probable upcoming-year population
and defoliation levels. Budworm scenarios typically include
altering (i) the temporal sequence of defoliation that com-
prises an outbreak, (if) the timing of when an outbreak be-
gins (e.g., “What if” an outbreak began in the year 2010,
or 20157?), and (iii) the duration of the outbreak. Scenario
planning is a disciplined method for imagining possible fu-
tures that has been applied to a wide range of issues
(Schoemaker 1995) and is useful in strategic planning given
its ability to capture a whole range of possibilities, thereby
allowing managers to see a wider range of possible futures.
In that sense, scenarios can be interpreted as “if this defolia-
tion pattern occurs, here is the impact that will result”.

In this paper, we used two SBW outbreak scenarios (defo-
liation patterns) as developed previously from data for New
Brunswick and Nova Scotia (MacLean et al. 2001). The
SBW densities per square metre of foliage (log scale) from
1945 to 1965 (see fig. 1 in Royama (1984)) were converted
into SBW density classes (nil, light, moderate, high, and ex-
treme, as used by New Brunswick Department of Natural
Resources — see fig. 2A in Erdle and MacLean (1999)),
and in turn, were converted to current annual defoliation
(%) using SBW density-to-defoliation conversions (see fig.
2B in Erdle and MacLean (1999)) — SBW density classes:
nil, 0% defoliation; light, 20% defoliation when SBW popu-
lations are rising and 10% when populations are falling, due
to parasite build-up in the population; moderate, 60%
(rising) or 40% (falling); high, 90% (rising) or 70%
(falling); and extreme, 100% (rising) or 80% (falling). The
moderate SBW outbreak scenario resulted (see fig. 2C in
Erdle and MacLean 1999) and is meant as a generalized pat-
tern of defoliation observed in New Brunswick during the
1970s—1980s.

Previous analyses permit some validation of this outbreak
scenario for our study area. Porter et al. (2004) analyzed his-
torical area of light (10%—-30%), moderate (31%-70%), or
severe (71%—100%) SBW defoliation in the Black Brook
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District from 1945 to 1995. Two distinct outbreaks oc-
curred — from 1949 to 1958 and from 1971 to 1987 —
with up to 97% of the landbase defoliated in 1955 and
1957. Aggressive insecticide protection programs in the
1970s—1980s substantially reduced defoliation; in the 8 years
of heaviest defoliation, more than half of the landbase was
protected and nearly the entire forest was protected in 1976.
Porter et al. (2004) estimated that without insecticide protec-
tion, mean area defoliated (>10%) by SBW from 1971 to
1987 would have increased from approximately 48 000 to
99000 ha-year!, and in 1976 from 35000 to 185000 ha,
based upon annual published records of spray efficacy (e.g.,
Carter and Lavigne 1994; Kettela 1995); generally, areas not
sprayed would be moved into the next higher category of
defoliation severity (e.g., moderate increasing to high). The
predominant (estimated unsprayed conditions) defoliation
pattern in the study area was 5 years of moderate to severe
defoliation and 4 years of light defoliation, which is gener-
ally similar to the 5 years of 280% defoliation in our moder-
ate outbreak scenario. The average percentage of cumulative
defoliation during the 1950s SBW outbreak for five mixed-
wood stand types in the Black Brook District (Amos-Binks
et al. 2010) was also similar to our moderate outbreak sce-
nario.

An uncontrolled SBW outbreak on Cape Breton Island,
Nova Scotia, during the 1970s—1980s, where populations
reached extremely high levels (Ostaff and MacLean 1989),
exhibited three defoliation patterns, with the predominant
one having 7 years of moderate—severe defoliation. To rep-
resent this, we created a second “severe outbreak’ scenario
with two more years of 100% defoliation at the peak
(MacLean et al. 2001).

Gray and MacKinnon (2006) used historical records
(1941-1998) of SBW defoliation across Canada to deter-
mine 27 different outbreak patterns. Our study area sus-
tained two discrete outbreaks over this period, with no
measurable defoliation from 1959 to 1970 (Porter et al.
2004). Although not precisely comparable because of differ-
ent analysis periods, our moderate and severe scenarios do
approximate the Gray and MacKinnon (2006) defoliation
pattern numbers 5 and 6 for the 1950s outbreak alone, or
numbers 12 or 18 for the 1950s and 1970s—1980s combined.

We modified the moderate and severe defoliation scenar-
ios to include defoliation differences among host species
predicted by Hennigar et al. (2008b), where defoliation on
white (Picea glauca (Moench) Voss), red (Picea rubens
Sarg.), and black (Picea mariana (Mill.) Britton, Sterns &
Poggenb.) spruce was approximated as 72%, 41%, and
28%, of balsam fir defoliation, respectively (within +5% of
curvilinear linear models reported by Hennigar et al. 2008b).
Norway spruce (Picea abies (L.) Karst.; 8460 ha of planta-
tions) defoliation was assumed equal to white spruce levels.
Outbreak scenarios were simulated to begin in 2007 and
cause 50%-100% defoliation of current-year foliage of fir
and spruce (Figs. la and 1) from 2011 to 2020.

The relative differences in defoliation among fir and
spruce species may be less in highly defoliated (>90% of
current-year foliage) stands as a result of movement of
SBW larvae from fir and white spruce to less preferred red
and black spruce when foliage of the former becomes limit-
ing (nonlinear effects observed in regression tree analyses

1739

Fig. 1. Percent defoliation of current-year foliage on balsam fir,
red, white, and black spruce for moderate and severe spruce bud-
worm outbreak scenarios without (a, b) and with (c, d) aerial foli-
age protection applied in years when defoliation is >70%. Spruce
defoliation was calculated from projected fir defoliation and re-
duced spruce defoliation probability models (Hennigar et al. 2008b)
and was assumed to equal fir defoliation when >90%.

Moderate outbreak Severe outbreak

N\
OIIIIIlIIII

Current defoliation (%)

N
=4

LN L B B B B R

2010 2020 2010 2020

Balsam fir — — — Red spruce
= = White spruce — -+ = Black spruce

by Hennigar et al. 2008b; see also Blais 1957 and Nealis
and Régniere 2004). To reflect these effects, spruce defolia-
tion was assumed equal to fir when fir defoliation was pro-
jected to be >90% (Fig. 1). This assumption had minimal
effect on mean cumulative spruce defoliation for moderate
outbreak scenarios (<10% from 2012 to 2016 for red and
black spruce), but for severe outbreak scenarios, cumulative
defoliation from 2012 to 2021 was 20%-30% higher for red
and black spruce and 10% higher for white spruce. Sensitiv-
ity of results to this spruce defoliation assumption was eval-
uated by simulating additional severe outbreak scenarios
with (i) spruce defoliation equal to that of fir in highly
(>90%) defoliated years, and (ii) spruce defoliation equal to
fir in all years, as used in past SBW impact analyses (e.g.,
MacLean et al. 2001, 2002; Hennigar et al. 2007).

Scenarios simulated aerial application of the biological in-
secticide Bacillus thuringiensis to reduce defoliation to 40%
of current-year foliage (New Brunswick’s current protection
efficacy target) in years when it was forecast to be >70%
(considered severely defoliated in New Brunswick aerial
surveys). Protecting during peak severity years increases
protection program effectiveness in comparison with protect-
ing in all years when defoliation is >40% (Hennigar et al.
2007), and therefore, protected scenarios (Figs. 1c and 1d)
reflect aerial applications in only 5 and 7 years for moderate
and severe outbreak scenarios, respectively. Scenarios in-
cluded 0%, 10%, 20%, 40%, 70%, or 100% of susceptible
forest area protected (Table 1).

A key point increasing our confidence in interpreting
SBW DSS projections is that growth reduction and mortality
versus defoliation relationships are consistent and repeatable
across outbreaks and regions (e.g., MacLean 1980; Ostaff
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and MacLean 1995; Erdle and MacLean 1999). Another key
point is that all SBW DSS modeling projections are based
upon 5-year cumulative defoliation, in 10% classes, so that
multiple current defoliation scenarios can result in the same
5-year cumulative defoliation. Hennigar et al. (2007) ana-
lyzed this with respect to outbreak severity (moderate versus
severe scenarios) and various combinations of insecticide
program efficacy, timing, and spatial extent of protection.
Fifty scenarios simulating combinations of the above varia-
bles converged into only nine different cumulative defolia-
tion scenarios (Hennigar et al. 2007). Given that protection
essentially reduces defoliation, the Hennigar et al. (2007) re-
sults, presented as contour plots of spruce—fir harvest reduc-
tions as a function of defoliation scenario, outbreak severity,
and percentage of landbase protected, can be used to infer ef-
fects of other possible outbreaks on our study area.

Prediction of defoliation impacts

The STAnd MANagement growth and yield model was
used to forecast stand volume growth loss and increased
mortality following SBW defoliation (MacLean 1996; Erdle
and MacLean 1999). STAMAN is a stand table projection
model, with tree growth and survival relationships derived
from permanent sample plots, that has been calibrated for
growth loss and mortality versus SBW defoliation relation-
ships (Erdle and MacLean 1999). STAMAN calculates peri-
odic defoliation-caused host mortality (salvageable volume),
indirect non-host tree response (Erdle 1989; Hennigar et al.
2007), and ingrowth of regenerating cohorts. We repro-
grammed STAMAN to accept inputs of defoliation by host
species (Fig. 1) and to calculate volume differences between
undefoliated and defoliated yields by tree species.

Stand growth for each of over 11000 forest inventory
plots (stand tables) in New Brunswick was simulated using
STAMAN with and without defoliation under four out-
break-protection scenarios (Figs. 1a—1d). Percent volume re-
ductions (differences in live volume and periodic mortality
projections with and without defoliation) by species were
aggregated into 72 stand impact classes and averaged. Im-
pact classes were based on (i) species — percentage of bal-
sam fir, white or Norway spruce, red or black spruce, in
combination with nonhost shade-intolerant and shade-
tolerant hardwood, or other softwood; (i) age — mature
(>40 years old) or immature; and (iii) management —
whether the stand was intensively managed (planted or
thinned). This resulted in a table of relative volume impacts
(percentage of live or salvageable volume multipliers) aver-
aged by stand impact class, species, time since outbreak ini-
tiation, and outbreak-protection scenario, referred to as a
stand impact matrix (Erdle 1989; MacLean et al. 2001;
Hennigar et al. 2007).

The stand impact matrix was incorporated into the forest
estate model. A dynamic linkable library was developed us-
ing C++ and referenced from Woodstock to allow real-time
assignment of stand impact class to each development type
based on species volume composition, maturity, and man-
agement at time of outbreak initiation (Table 1). In Wood-
stock, area constraints were formulated to force the
assignment of stand impact class in the first planning period
(2007-2011) to susceptible areas when an outbreak oc-
curred. By assigning an outbreak-protection scenario and
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stand impact class to each development type, base (undefoli-
ated) yields could be linked to the stand impact matrix to
calculate forest live and salvageable growing stock available
for harvest under SBW defoliation and protection scenarios.

Prediction of salvageable volume and stand deterioration

Tree mortality during a SBW outbreak generally begins
5-7 years following the onset of severe defoliation and is
nearly complete after 10-12 years (MacLean 1980). In the
J.D. Irving, Limited Woodstock model, each period or
model iteration represented 5 years. Therefore, salvageable
volume was calculated by period for each stand and defoli-
ation scenario from 2007 to 2057. Since defoliation of
>40% was specified in the scenarios to begin in 2011
(Fig. 1), the volume of dying trees would be concentrated
near the end of the 2012-2016 period and start of the
2017-2021 period. Therefore, the volume dying in 2012-
2016 was assumed to be salvageable as mostly live volume,
whereas in 2017-2021 it was assumed to be dead or dying
volume. The volume dying in 2017-2021 was considered to
be inoperable from 2022 to 2026, since most died before
2020 and the volume would have deteriorated (Sewell and
Maranda 1979).

While the stand impact matrix quantifies direct SBW im-
pacts on stand volume, there can be additive indirect effects
from increased susceptibility to windthrow from canopy dis-
ruption, pathogens, and other insects during or following the
outbreak (Raske 1980; Taylor and MacLean 2007). For 106
spruce—fir and fir—spruce permanent sample plots >50 years
old in northern New Brunswick, measured from 1985 to
1993, the probability of tree mortality nearly doubled 3-
5 years following cessation of moderate to severe defoliation
(>30%) compared with stands with less or no defoliation
(Taylor and MacLean 2007). Wind-related mortality peaked
at 6.5 merchantable m3-ha-!-year! 11-15 years following
cessation of moderate to severe defoliation, and ranged
from 5 to 10 m3-ha-!-year~! for most of the 20 years follow-
ing cessation of severe defoliation (Taylor and MacLean
2009). Given these reported rates of stand decline following
outbreak, typically only 100-200 m3-ha-! in such stands, we
assumed that mature (=40 years old) highly susceptible
(=75% host volume and >50% host composed of fir) stands
severely impacted (>50% host volume loss) from defoliation
would succumb to near total loss of merchantable volume
10-15 years post outbreak. We simulated stand breakup by
constraining stands with significant canopy disruption (as-
sumed here as >50% host volume reduction from defolia-
tion) so they transitioned to advanced regenerating
conditions (same stand type without SBW impact at 15 years
old) 15 years following cessation of moderate to severe de-
foliation (Baskerville 1975). The effects of these stand
breakup and transition assumptions on harvest and C were
explored via sensitivity analyses.

Timber supply and spruce budworm impact
management

In the event of a SBW outbreak, it is probable that J.D.
Irving, Limited will endeavor to minimize forest harvest
losses from defoliation. Thus, we modified the objective
function of Woodstock to minimize the defoliation-caused
harvest reductions from base (undefoliated) levels, as de-
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scribed by Hennigar et al. (2007). The solution attained was
then resolved to maximize discounted harvest volumes with
the lower spruce—fir harvest bound set equal to levels at-
tained during the previous run. Specific methods used here,
including objective equations, solve steps, salvage, and pro-
tection treatments, were discussed in detail for the same for-
est by Hennigar et al. (2007). Nondeclining harvest
restrictions were removed from the model until 2022, as
this constraint was impossible to maintain with an outbreak.
Harvest flows of hardwoods and non-host softwood were
constrained to vary <5% in any one period from base levels,
for all scenarios. All other constraints (e.g., reserves, stand
operability, old-growth retention) in the forest estate model
were retained. The amount of susceptible area protected
(0%—-100%) was restricted using area constraints formulated
in Woodstock.

Forest carbon pools and spruce budworm impacts

The C Budget Model for the Canadian Forest Sector
(CBM-CFS3; Kurz et al. 2009) was used to convert stand
projections of merchantable volume (m3ha-!') contained in
the J.D. Irving, Limited Woodstock model into carbon per
hectare stored in (i) living biomass (stem wood, foliage,
stumps, branches, bark, coarse and fine roots), (ii) standing
deadwood (stems, branches), and (iii) forest floor deadwood
pools (litter, forest floor and soil detritus, downed coarse
woody debris). Stand C projections for each of the above
three aggregated pools were represented as age-dependent
yields in Woodstock, allowing simulation or optimization of
C in the forest. Detailed descriptions of CBM data inputs,
parameters and calibration (Kurz et al. 2009), and methods
to develop stand projections of C in live biomass and dead
organic matter for use in forest estate models (Neilson et al.
2008) have already been presented. Our use of CBM-CFS3
to generate on-site C projections followed methods de-
scribed by Hennigar et al. (2008a).

To quantify forest C impacts from defoliation, all current
Black Brook District area data on stand type, age classes,
and their associated merchantable volume yields with and
without defoliation impacts were imported into CBM-CFS3
and simulated for 80 years. CBM-CFS3 allows hardwood
and softwood volume projections in stands to be modeled
separately but cannot differentiate softwood host and non-
host components. Therefore, species-specific impacts from
the stand impact matrix were applied to undefoliated yields
prior to importing into CBM-CFS3 to create defoliated
yields by outbreak-protection scenario for each stand-
type x age class combination. Percent differences between
stand C projections with and without defoliation for each
stand type, age class, and outbreak-protection scenario were
calculated for live biomass, standing deadwood, and forest
floor C pools, averaged by stand impact class and repre-
sented as a stand C impact matrix (time-dependent stand C
pool % multipliers) in Woodstock. Representing stand C
yields and a SBW C impact matrix in Woodstock signifi-
cantly reduced simulation time to calculate forest C budgets,
compared with simulating forest development totally in
CBM-CFS3, and more importantly, allowed treatment
scheduling decisions to be replanned optimally to minimize
harvest or C losses from budworm effects.
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Accounting for carbon in wood products

The C contained in merchantable log products exported
from forest to mills was accounted for independently of
CBM-CFS3 through direct conversion of harvest volume
(softwood log, hardwood log, or pulpwood) to C (m? x spe-
cific gravity of species x x 50% C per oven-dry mass of
product). A wood product C fate model — Carbon-Object
Tracker (COr; Hennigar et al. 2008a) — was used to simu-
late product C transfer to alternative pool states through
time, e.g., C in harvested roundwood, conversion to wood
products, and transfer to landfills. Mill roundwood utilization
statistics and wood product retention and landfill decay rates
for parameterization of COr were adapted from the Forest
Product Sector model extension of CBM-CFS2 (Apps et al.
1999) by Hennigar et al. (2008a). The fate of C stored in
products through manufacturing and use, deposition in land-
fills and release to atmosphere was tracked separately for
construction lumber, other lumber (flooring, particle board,
panels), and paper products. Methane emissions from wood
and paper decay in landfill were excluded, as was the poten-
tial for displacing coal and natural gas emissions from using
wood waste or methane at landfills for energy.

One tonne of C for each raw product was simulated in
COr for 200 years, allowing C storage over time in paper,
lumber, and landfill pools to be tracked and represented as
separate harvest product life-cycle yields in Woodstock
(Hennigar et al. 2008a). Since the quantity of C stored in
wood product pools depends on harvest level, and since
SBW impact on harvest volume was already considered
with integration of the stand impact matrix, SBW off-site C
impacts could be tracked in this analysis and minimized us-
ing optimization.

Results

Stand dynamics during spruce budworm outbreaks

Stand volume and C dynamics, under moderate and se-
vere SBW outbreak scenarios, with and without protection
and harvesting, are shown for three example stand types in
Fig. 2. Simulated host volume reductions from base (undefo-
liated) yield projections, 15 years following moderate and
severe outbreaks, were 46% and 64% for mature (defined
here as >40 years old) balsam fir stands, 34% and 51% for
mature white spruce plantations, and 28% and 34% for im-
mature (<40 years old) black spruce plantations, respectively
(Figs. 2a-2c). Similar volume reductions under scenarios
specifying application of foliage protection (Figs. lc and
1d) ranged from 8%—-20% (Figs. 2a—2c).

As a result of simulating lower white, red, and black
spruce defoliation relative to balsam fir (Hennigar et al.
2008b), host volume reductions from base yields were 5%-—
10%, 10%—15%, and 15%-20% less for fir—spruce, white
spruce, and black spruce stands, respectively, than were re-
ported by Hennigar et al. (2007) for the same forest and out-
break scenarios. The 2007 inventory data showed that 29%
of the host volume in black spruce plantation was balsam
fir and was projected to increase to 45% by 2025 under
base conditions, suggesting that these plantations could ex-
perience significant SBW impacts.

For stands with >75% host volume (96300 ha; Table 1),
the mean C sequestered in living biomass (stem wood, foli-
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Fig. 2. Inventory of merchantable cubic volume (a—c) and on- and off-site carbon (C) dynamics (d-I) without (base) and with spruce bud-
worm defoliation (for moderate and severe outbreak scenarios beginning in 2007 and foliage protection with biological insecticide described
in Fig. 1) for three example stand types in the Black Brook District. Projected secondary wind disturbance impacts, 15-years postoutbreak
(e.g., b, e, and k), were simulated to occur in stands with severe canopy disruption (=40 years old at time of outbreak and >50% volume
loss) from spruce budworm.
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age, stumps, branches, bark, coarse and fine roots) from  narios, but this declined to only 0.49 t-ha-l-year! with
2007 to 2026 was reduced by 0.95 and 1.42 tha-!-year!, re- foliage protection. The mean 2007-2026 living C reduction
spectively, under moderate and severe SBW outbreak sce- from a simulated severe SBW outbreak ranged from 0.39 to
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Fig. 3. Black Brook District volume (a, b, d, ¢) and carbon (C) inventory (c, f) impacts per hectare in 2027 following a severe spruce budworm
outbreak, without harvest activities (a—c) and with harvest and salvage activities (d—f) optimized to minimize base spruce—fir harvest losses.
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11.45 thalyear! for spruce plantation, and averaged
1.1 thal-year! for naturally regenerating stands. Non-host
volume increases resulting from reduced stand competition
from host SBW-caused mortality (Figs. 2a—2c¢) averaged
32% (range 6%—58%) and 48% (range 29%—67%) 15 years
after moderate and severe outbreaks in immature host-
dominated stands with 25%—50% shade-intolerant hardwood
(e.g., Fig. 2a), which offset some C impacts from SBW
(Fig. 2d). This effect was augmented by lower specific grav-
ity of spruce (~0.37) and fir (0.33) compared with shade-
intolerant (poplar, 0.35; white birch, 0.48; red maple, 0.49)
and shade-tolerant hardwood (=0.55) species (Green et al.
1999). The 8% living biomass C reduction (Fig. 2d, defoli-
ated versus undefoliated yields 15-years postoutbreak) was
substantially less than the 24% total volume reduction
(Fig. 2a). However, <2% of the susceptible area was pro-
jected to yield >10 m3-ha-! of additional non-host volume
15-years postoutbreak (e.g., Figs. 2b and 2c) as a result of
host damage from SBW.

In mature unmanaged fir—spruce and white spruce planta-
tion stand projections, 15%-25% of trees died from SBW
defoliation in unprotected scenarios, resulting in large trans-
fers of living biomass C to deadwood and forest floor C
pools (Figs. 2¢ and 2f). SBW-caused mortality was nil with
foliage protection, was generally low (<10% of base yield)
for stands <40 years old, and was highest in mature stands
at 10-90 m3-ha-! (salvageable volume, Figs. 2b and 2¢). Di-
rect host mortality from SBW subsided by 2022; however,
growth loss continued until all foliage age classes recovered
(2026).

hantable Inventory
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For harvesting (clear-cut and salvage) scenarios, forest C
inventory loss from SBW disturbance increased over the
short term (i) by transferring C stored in merchantable vol-
ume (living or salvageable) off-site and (i) by increasing
forest floor temperature from increased light, which will in-
crease the decay rate of remaining branches, foliage, sub-
merchantable components, and roots (Kurz et al. 2009;
Figs. 2g-2i). In the long term (>20 years), harvesting regen-
erated SBW-damaged stands, thereby increasing stand mean
C sequestration rates and transfer of merchantable C, which
would otherwise die and decay from continued defoliation,
into wood products (Figs. 2j-2[). At harvest, about 35% =+
10% of biomass C was transferred to off-site storage, and
200 years later, 40%—-50% of off-site C is projected to re-
main in landfills (Micales and Skog 1997; Hennigar et al.
2008a).

By 2027-2031, the impacts of SBW on spruce—fir volume
and on-site C were proportionally similar with or without
harvest disturbance simulated, as illustrated by similar color
ranking of spruce—fir volume and on-site C impacts in
Fig. 3b versus Fig. 3¢ and in Fig. 3d versus Fig. 3e.
Spruce—fir volume impact was slightly higher than on-site C
impact for mature stands (Fig. 3b versus Fig. 3c¢), because C
was buffered by an increased transfer to snag and forest
floor pools, and C impact was slightly higher than volume
for young host plantations, where impact was primarily
growth loss and non-host response was nil. The results indi-
cate that prioritization for foliage protection by volume im-
pact (MacLean et al. 2001) at the stand level would also
minimize on-site C reduction.
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Fig. 4. Differences in (a) spruce—fir harvest, (b) spruce—fir inventory, (c) off-site spruce—fir wood product carbon (C), and (d) on-site forest
C storage compared with base levels (no defoliation), for moderate and severe budworm outbreak scenarios, with (O) and without (no
symbol) foliage protection applied to 40% of the susceptible landbase. Percentage of dead or dying trees salvaged (a) and salvageable () is
shown. Grey lines indicate defoliated scenarios without harvest replanning and salvage.

(a) Spruce—fir harvest

Y — e
.. —

80
60

40
salvaged
20 \

% of base scenario
merchantable m®

j(b)Spruce—ﬁr inventory

-—""-..‘__
0('.i | — T T T T

] RegmEDE

- / —_—— — -

1 iving budworm outbreak

4 base (none)

. — .. = moderate

J —_— = severe
salvageable .

7 N O foliage protected

J ! PR —

0 T T T T T

|(c) Off-site spruce—fir products and landfill

o
o

= —

5

/
|
!
|

1

-t

o
L

[

-

n
1

W umgin gy | AR crmO-
g.___‘-_ea_za.=e_-a \\ ;,,.fgf\x\ﬁ

C inventory difference
from base scenario (Mt)
|
|
|
|
L

J(d)On-site living trees, standing snags, forest floor

D

41 © P

i N <

2012 2022 2032 2042 2052 2012 2022 2032 2042 2052

Postoutbreak wind disturbance effects

Despite large potential stand impact effects of postout-
break wind disturbance (e.g., Fig. 2b), the most highly vul-
nerable stands, projected to lose >170 m3-ha~! from SBW
defoliation or wind by 2027-2031, were scheduled for har-
vest from 2007 to 2026 (e.g., Fig. 3, the areas in panel e
that show less impact than those in panel b indicate the
stand was clear-cut and regenerated). Thus, for scenarios ex-
plored, simulated secondary wind disturbance had little ef-
fect on spruce—fir harvest, as areas disturbed were few (0 ha
for moderate and 13900 ha for severe outbreaks) and har-
vested before secondary disturbance occurred (2027-2031;
e.g., Figs. 2k and Figs. 3d-3f). In contrast, 28% of the
10000 ha restricted from harvest (due to water course buf-
fers and unique sites) was projected to die and regenerate
without foliage protection, from the combined effects of a
severe outbreak and subsequent wind disturbance by 2027-
2031, resulting in on-site emissions of 3.75 t C-hal-year!.
Direct effects of defoliation caused on-site C of water course
buffers and unique sites to be reduced by 11.3 t-ha-! by
2031, and by 28.7 t-ha! when both direct SBW and indirect
wind effects occurred. Although wind disturbance effects on
stand on-site C are large in some stand types, forest-level ef-
fects averaged only 0.015 t-ha-l-year-! from 2007 to 2031,
as the majority of these SBW-wind susceptible areas were
harvested before secondary wind disturbance occurred.

Forest dynamics under spruce budworm outbreak and
management scenarios

Using the base harvest schedule and no foliage protection,
maximum spruce—fir harvest reductions from base levels
from 2022 to 2026 were 29% and 42%, respectively, for
moderate and severe outbreak scenarios (Fig. 4a). Harvest
reductions declined to 22% and 32% when reoptimized har-

3

vest scheduling with salvage (hereafter referred to as “re-
planning”) was used to minimize harvest losses. Salvage
from 2012 to 2022 contributed up to 16% of volume har-
vested during the peak of the outbreak (Figs. 4a and 4b).
Spruce—fir harvest and inventory and total on-site C did not
recover to base levels postoutbreak until about 2050 (within
<5%) with or without replanning and or foliage protection
(Figs. 4a, 4b, and 4d). By 2046, cumulative base harvest re-
duction from moderate and severe outbreaks amounted to
4.8 and 6.8 Mm3, respectively, resulting in cumulative re-
ductions of off-site C storage in products and landfills of
0.53 and 0.71 Mt (Fig. 4c). Off-site C reductions persisted
to 2087 but were reduced to <10% with replanning
(Fig. 4c).

The maximum on-site C storage reduction from base lev-
els (12.4 Mt in 2027 for 139500 ha), following moderate
and severe SBW outbreaks, peaked in 2027 at 1.17 and
1.48 Mt, respectively, using the base harvest schedule, and
declined to 1.03 and 1.31 Mt, respectively, with replanning
(Fig. 4d). By 2017, the mean C stored in living biomass for
the 139500 ha of susceptible forest decreased to 40.5 t-ha!
(-21%) for a severe outbreak scenario with no foliage pro-
tection or replanning, compared with base levels of
51 t-ha-! (Fig. 5a). In comparison, mean standing deadwood
and forest floor C increased to 3.9 (+50%) and 31.2 t-ha!
(+4%), respectively, compared with base levels of 2.6 and
30 t-ha! (Figs. 5b and 5¢). By 2032, standing deadwood re-
sulting from SBW had mostly transferred to the forest floor
(e.g., Fig. 2¢), decayed, or was salvaged, and had returned to
base C levels (Fig. 5¢).

Applying balsam fir defoliation levels to all spruce spe-
cies under a severe outbreak scenario, based upon the
1970s—-1980s SBW outbreak on Cape Breton Island, Nova
Scotia (MacLean et al. 2001, 2002), increased the maximum
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Fig. 5. Mean on-site carbon (C) inventory for spruce-budworm-
susceptible area (139 000 ha) from 2007 to 2057, divided into

(a) living biomass, (b) forest floor litter and deadwood, and (c)
standing deadwood pools. Scenarios include base (undefoliated) and
moderate and severe budworm outbreaks, with (QO) and without (no
symbol) foliage protection applied to 40% of the susceptible land-
base. Grey lines indicate defoliated scenarios without harvest re-
planning and salvage.
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harvest reduction in 2022-2026 from 42% to 56% and de-
creased the mean 2007-2026 on-site C sequestration of sus-
ceptible forest from —-0.42 to —0.52 t-ha-!-year-!, versus the
base rate of 0.07 t-ha-!-year-!. By 2046, following a severe
outbreak scenario, spruce—fir base harvest reductions totaled
2.27 Mm3 with fir defoliation levels applied to all hosts but
were 1.25 Mm?3 less when reduced spruce defoliation
(Hennigar et al. 2008b) was assumed in all outbreak years.

Effects of foliage protection on harvest and C
sequestration

SBW outbreak scenarios that included harvest replanning
and foliage protection applied to 40% of the susceptible area
resulted in only a 13% reduction of the 2022-2026 spruce—
fir base harvest (4.7 m3-ha-!-year!) versus 22% and 32% re-
ductions for moderate and severe outbreak scenarios with re-
planning and no foliage protection (Fig. 4a). By combining
replanning with foliage protection on 40% of the susceptible
area, the 2007-2041 cumulative harvest reductions declined
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by 2.4 Mm? (50%) for moderate and 4.0 Mm? (60%) for se-
vere outbreak scenarios, compared with the losses with no
replanning or protection. While replanning reduced base
off-site C storage loss to <10%, replanning with foliage pro-
tection applied to 40% of susceptible area during moderate
and severe outbreak scenarios reduced 2041 base off-site C
impacts by 0.23 Mt (48%) and 0.37 Mt (56%), respectively
(Fig. 4c), and reduced maximum base on-site C impacts in
2022-2026 by 0.33 Mt (29%) and 0.58 Mt (41%), respec-
tively (Fig. 4d). Living biomass C for susceptible forest was
lowest at 50 tha”! in 2012 for the base scenario and de-
clined to 40.5 and 44.7 t-ha”! in 2017 when a severe out-
break occurred without and with pest management
(replanning and protection of 40% of susceptible area), re-
spectively (Fig. 5a).

The marginal benefits of foliage protection on both
spruce—fir harvest and off-site C declined progressively as
the area protected increased (Fig. 6a). Since protection was
scheduled optimally to minimize peak spruce—fir harvest
losses, the stands protected first were those projected to
yield the highest marginal harvest benefits (Erdle 1989;
Hennigar et al. 2007). Of the total possible spruce—fir har-
vest and off-site C impact reductions achievable through re-
planning and protection of 100% of the area over the 2007-
2026 impact period, reductions of 49% =+ 5%, 66% + 5%,
and 88% =+ 3% were achieved by replanning and protecting
10%, 20%, and 40% of susceptible area, respectively
(Figs. 6a—6¢).

However, the relationship of on-site C to area protected
differed from that for harvest level. With replanning, in-
creasing the susceptible area that was protected from 0% to
100% resulted in linear increases to the mean 2007-2026
on-site C sequestration rates of 0.18 t-ha-!-year-! for moder-
ate outbreak scenarios and 0.29 t-ha-lyear! for severe
(Figs. 6b and 6c¢). On-site C sequestration rates increased
with the area protected until 2021, remained constant from
2022 to 2026, and then declined thereafter, as this reserve
of inventory was harvested to reduce maximum harvest
losses from 2027 to 2041. Because virtually all protected
stands were scheduled for harvest before 2041, the long-
term benefits of foliage protection to reduce mean on-site C
sequestration impacts were limited to restricted harvest
zones, which were not harvested and were increasingly se-
lected for protection as the extent of the area protected in-
creased from 70% to 100% (Figs. 6b and 6c¢). With
replanning, increasing the area protected from 0% to 100%
increased the total (on-site plus off-site) mean 2007-2026 C
sequestration from 0.41 to 0.51 t-ha-!-year! for moderate
outbreak scenarios and from 0.34 to 0.51 t-ha-!-year! for se-
vere. Of the total 2007-2026 mean C sequestration impact
reduction possible from replanning with foliage protection
applied to 40% and 100% of susceptible area, 20% and
14%, respectively, was attributed to off-site C dynamics.

Discussion

For the Black Brook District, assuming no salvage or foli-
age protection, the mean on-site C reduction from 2007 to
2027 for moderate and severe SBW outbreak scenarios was
projected to be 0.42 and 0.53 t C-hal-year! (1.17 and
1.48 Mt), respectively. In comparison, British Columbia’s
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Fig. 6. Mean annual spruce—fir harvest (a) and carbon (C) seques-
tration per hectare for (a, b) on-site, off-site, and total (on site + off
site) pools for susceptible area (139000 ha) from 2007 to 2027, ex-
pressed as difference from base levels (no defoliation; 0.0 line) for
moderate (a, b) and severe (a, c¢) outbreak scenarios beginning in
2007 and with 0%—100% of susceptible area protected with biolog-
ical insecticide. Solid symbols indicate no salvage or harvest plan
amendments during an outbreak; open symbols indicate the oppo-
site.
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recent mountain pine beetle epidemic has been estimated to
cause an impact of 0.36 t C-ha~l-year! (270 Mt) across
37 Mha of forest from 2000 to 2020 (Kurz et al. 2008b), or
0.75 tha-!-year-! if only the susceptible pine area is consid-
ered (17.9 Mha; E. Neilson, Canadian Forest Service,
personal communication, 2009). At its peak in 1975, the
SBW outbreak extending across eastern Canada resulted in
50 Mha of moderate-severe defoliation (MacLean 2004).
Our results and the historical periodicity and extent of past
outbreaks quantitatively reinforce the magnitude of the ef-
fects a widespread regional SBW outbreak could have on
Canada’s forest C balance, as suggested by others (Fleming
2000; Kurz et al. 2008a). Even with harvest replanning and
foliage protection applied, on-site C reductions from SBW
were estimated at 0.2 t-ha-!-year-!.

Relative to New Brunswick’s public forests (50% of total
forest area; 2.99 Mha), the Black Brook District
(210000 ha) has proportionally similar (+1%) balsam fir
and spruce volume composition at 18% and 36%, respec-
tively (Erdle and Ward 2008), but has a higher proportion
of white and Norway spruce species (50% compared with
11%). Extrapolating our on-site C results to New Bruns-
wick’s public forest area, we estimate mean C reductions of
20-25 Mt by the end of a moderate—severe SBW outbreak.
These reductions in C sequestration plus increased emissions
from decomposition of killed trees on only ~3 Mha of pub-
lic forests would translate to an increase in New Bruns-
wick’s total annual greenhouse gas emissions from all
sources (2005 base year; Environment Canada 2008) of up
to 20%, on average, over the next 20 years, and up to 40%
(40-50 M) if private lands were included and assumed to
have similar percentage host abundance and SBW vulner-
ability (6 Mha total forest area; MacLean et al. 2002). How-
ever, since New Brunswick’s forests contain less white and
Norway spruce relative to red and black spruce than does
the Black Brook District, and given that all stands in New
Brunswick may not experience severe defoliation in the
next outbreak (e.g., Gray 2008), these extrapolated provin-
cial C impact estimates may be high.

Using CBM-CFS3, Dymond et al. (2010) simulated mod-
erate to severe SBW defoliation from 2011 to 2024 across
5.8 Mha of susceptible area for eastern Quebec and pro-
jected on-site base C reductions of 30 Mt. Lower relative C
impacts simulated in Quebec compared with Black Brook
may be attributed to 15% less balsam fir (most susceptible)
and relatively more black spruce (least susceptible) in host
stands and to a less severe defoliation outbreak simulated
(Quebec — Gray et al. 2000).

The magnitudes of on-site versus off-site C inventory re-
ductions from base scenario values in 2041 were generally
similar, at 0.24-0.69 Mt for off-site and 0.40-0.63 Mt for
on-site (Figs. 4c and 4d). Since forests regenerate following
periodic SBW disturbance, we expect that if successive out-
breaks were simulated, the projected base off-site C reduc-
tions would accrue and exceed base on-site C stock impacts
during the second outbreak period. This premise assumes
that global consumption of wood commodities is actually re-
duced following large timber supply deficits (production ac-
counting approach) from SBW outbreak, and no
compensatory harvest increase on other landbases occurs to
fill consumer demand. In reality, reduced timber supply in
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one area must cause (i) an increase in harvest from other
areas to satisfy mill and (or) consumer demand, and (or)
(if) a reduction in the consumption of wood products in
place of less economical or efficient substitutes (steel, con-
crete), assuming that demand for commodities remains
strong (e.g., Mogus et al. 2006). The first case would cause
increased on-site C harvest from other forests (“leakage’;
Murray et al. 2004) but reduced global off-site C impacts.
For the second case, off-site C impacts would accrue, as
modeled here, and may be exacerbated further by up to
0.25-1.0 t C-m3 of lumber replaced by more fossil-fuel-de-
manding building alternatives such as steel or concrete (Pe-
tersen and Solberg 2003; Perez-Garcia et al. 2005).
Additional indirect C emissions from product substitution
would amount to ~0.5-2.0 Mt C, if assumed for projected
spruce—fir lumber production loss during a severe outbreak
scenario for the Black Brook District. Thus, accounting for
leakage or product substitution would increase the overall
SBW C impacts reported here.

Harvest replanning with 40% of the susceptible area
(139500 ha) protected with insecticide during a severe out-
break reduced maximum base harvest impacts about 20%—
30% more than base on-site C impacts, because spruce—fir
inventory was always scheduled for harvest, if available, to
minimize harvest impacts from SBW. Averaged from 2007
to 2041, base on-site C impacts were reduced by 26%-36%
during moderate—severe outbreaks with replanning and foli-
age protection applied to 40% of the susceptible area. On
the other hand, salvage and foliage protection reduced Black
Brook maximum base harvest impacts up to 73%, which
would buffer increased demand for wood products, and
hence, on-site C loss from other areas.

Our modeling approach can aid in determining whether a
forest-pest management C offset project is “additional”2. In
the case of the Black Brook District, management places
strong emphasis on timber production with a substantial
component of intensive silviculture. The revenue generated
from harvest and the original cost of silviculture (e.g., plant-
ing) far outweigh the foliage protection investment cost
($50-$100-ha!-treatment-!). For this case, pest management
reflects an activity to reduce risk within a larger project
portfolio (silviculture investment) to increase growing stock
for harvest. If foliage protection is not viable on economic
or social grounds based on ratios of cost ($, public
relations) to benefit ($, timber supply, old-growth conserva-
tion), cost could potentially be subsidized through tradable
C credits, if the project activity can demonstrate long-term
C sequestration benefits. In our analyses, marginal harvest
benefits of foliage protection to reduce impacts from SBW
declined to zero when >70% of the susceptible area was
protected, yet reduction of forest C impacts continued to ac-
crue as unharvested or restricted harvest zones were in-
cluded as the area protected increased from 70% to 100%
(Fig. 6). For this simplified cost—benefit case, assuming little
or no harvest (i.e., economic) incentive to protect >70% of
the susceptible area, C offsets generated from protecting the
remaining 30% of the susceptible landbase should be con-
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sidered additional. In reality, many more economic and so-
cial costs and benefits would need to be considered within
this model framework to identify whether the pest manage-
ment activity was additional or not.

Given the complex nature of SBW population dynamics
(Royama et al. 2005; Eveleigh et al. 2007) combined with
potential climate change effects (Gray 2008), future out-
break defoliation severity, duration, and spatial dynamics re-
main highly uncertain, and hence, projections of future SBW
C impacts are also uncertain. Gray (2008) concluded that
climate change is predicted to result in SBW outbreaks that
are an average of approximately 6 years longer with an
average of 15% greater defoliation. Use of the SBW DSS
has always been proposed as a scenario planning “what if”
approach; essentially “if this defoliation scenario unfolds,
here are the projected effects on timber supply or harvest or
C” (MacLean et al. 2001; Hennigar et al. 2007). During an
actual SBW outbreak, empirical defoliation data for the past
5 years would be estimated from ground and aerial surveys,
updated each year, and combined with sampled SBW popu-
lation levels to develop reliable short-term impact assess-
ments and benefits (e.g., t C, m3, $) of pest management
activities. Since the last outbreak, precise aerial insecticide
application using computer-controlled “boom-on/boom-off”
technology has advanced techniques to precisely target spe-
cific areas for protection (D. Davies, Forest Protection Lim-
ited, personal communication, 2008). Advanced aerial
application technology combined with an extensive Black
Brook District road network would alleviate operational
constraints and facilitate optimal implementation of forest
harvest replanning and optimized protection.

Despite these aerial application advancements, reducing
defoliation to 40% when projected defoliation is expected
to be >70% may be unrealistic with either single or double
applications of Bacillus thuringiensis based on efficacy
models by Fleming and van Frankenhuyzen (1992) and
Régniere and Cooke (1998). For this reason, generalized
equations should be distilled from these existing Bacillus
thuringiensis efficacy models to estimate cumulative defoli-
ation for alternative SBW population forecasts and treatment
options (applications per year, insecticide type). These pop-
ulation scenarios and aerial application options could then
be represented in the forest model to better quantify cost—
benefits ($, m3, C) of alternative protection programs with
respect to landowner objectives.

As the severity of stand impacts caused by SBW in-
creases, stand development will slow and delay economi-
cally operable conditions for harvest. Indirect SBW-caused
harvest losses from postponed stand operability have been
simulated to increase total harvest losses by as much as
40% in New Brunswick (MacLean et al. 2002). The period
of stand operability delays from SBW defoliation, as well as
changes to pulp:log ratios, are lacking in the stand impact
matrix. However, development of such operability and prod-
uct impact multipliers is straightforward, and linking these
measures to forest estate models can be streamlined with
collaboration between forest and pest model designers.

2 Additional or additionality refers to the extent to which greenhouse gas mitigation is above and beyond what would have occurred in the
absence of a given C-offset project (e.g., foliage protection to reduce defoliation-caused tree mortality and resulting C emissions from

decay on-site).
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We compared the SBW outbreak scenarios used in this
paper with those used by others, in terms of outbreak dura-
tion and defoliation intensity. The respective values for out-
break duration, number of years of moderate—severe (>30%)
defoliation, and summed annual defoliation (>30%) were as
follows: 8 years, 8 years, and 620% defoliation (equivalent
to removal of 6.2 age classes of foliage) for our moderate
scenario; 10 years, 10 years, and 820% for our severe sce-
nario; 14 years, 8 years, and 470% for actual Black Brook
District defoliation data (Porter et al. 2004); and for scenar-
ios representing five clusters of outbreak severities from
Gray and MacKinnon (2006): 7 years, 6 years, and 505%
defoliation for mild—moderate class outbreaks; 15 years,
11 years, and 727% for moderate; 18 years, 17 years, and
995% for moderate—severe; 25 years, 19 years, and 1268%
for severe; and 28 years, 24 years, and 1661% for very se-
vere scenarios. Thus our moderate scenario, which resulted
in maximum spruce—fir harvest reductions of 29% from
base levels from 2022 to 2026 and maximum on-site C stor-
age reduction of 1.17 Mt (9%), was generally similar to the
Porter et al. (2004) scenario and the Gray and MacKinnon
(2006) moderate outbreak class. Gray and MacKinnon’s
moderate—severe outbreak class was similar to our severe
scenario, which resulted in maximum spruce—fir harvest re-
ductions of 42% from 2022 to 2026 and maximum on-site
C storage reduction of 148 Mt (12%). Gray and
MacKinnon’s severe and very severe outbreak classes were
of longer duration (18-28 years) and higher summed annual
defoliation than the scenarios that we modeled, and would
result in greater on-site C reductions,

Our results show that a severe SBW outbreak, simulated
on the Black Brook District, was projected to cause total
harvested volume, off-site C, and on-site C in 2027 to be re-
duced by 1.34 Mm?3, 0.26 Mt, and 1.48 Mt, respectively; and
that these losses could be reduced by 73%, 56%, and 41%,
respectively, with harvest replanning and salvage plus foli-
age protection applied to 40% of the susceptible area. Under
current C accounting rules, potential future losses from nat-
ural disturbance will provide little incentive for management
change (Bottcher et al. 2008). Our modeling approach per-
mits projection of C dynamics with or without SBW disturb-
ance and management, thereby allowing the effects of
management on C storage to be evaluated independently of
natural disturbance C impacts. Such approaches are increas-
ingly desired by government and industry to (i) estimate po-
tential fluctuation of forest values (e.g., harvest, C, habitat,
profit) for plausible natural disturbance scenarios, (i) iden-
tify cost-effective forest management designs to minimize
such fluctuations, and (iii) assess whether a forest-C-offset
project (e.g., foliage protection program) will lead to addi-
tional and long-term C storage in forests or forest products.
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