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Abstract 

Key message  Aerial application of Bacillus thuringiensis Berliner var. kurstaki (Btk) every second year to stands of white 
spruce (Picea glauca (Moench)Voss.), black spruce (Picea mariana Mill.) and balsam fir (Abies balsamea (L.) Mill.) is 
the most cost-effective spraying scenario for reducing the impact of spruce budworm (Choristoneura fumiferana Cle‑
mens) on wood production, providing a similar level of forest protection, but at lower cost, to the standard scenario 
currently used in which 50% of current year’s foliage is protected every year.

Context  Insect outbreaks can have significant effects on forest productivity and various formulations of Bacillus 
thuringiensis Berliner var. kurstaki (Btk) are used to reduce their damage. In the Province of Québec, Canada, con‑
trol programs aim to protect at least 50% of current-year foliage to limit tree mortality, but little information exists 
on the long-term cost-effectiveness of such programs.

Aims  Our goal was to evaluate the benefit/cost ratio and the efficacy of different Btk protection scenarios in reduc‑
ing coniferous tree mortality and growth losses over a 11-year period. We hypothesized that less-intensive protection 
approaches (Btk applications every 2 or 3 years) may provide similar levels of protection but with higher cost-effec‑
tiveness ratios than the standard program currently used in Quebec.

Methods  In 2007, we established nineteen 100-ha experimental units in Quebec’s Côte-Nord region to determine 
the efficacy and cost-effectiveness of different Btk spraying scenarios for reducing tree mortality and volume losses 
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in coniferous stands dominated by mature balsam fir trees (Abies balsamea (L.) Mill., with white spruce (Picea glauca 
(Moench) Voss.) and black spruce (P. mariana Mill.) as companion species. Tree mortality was monitored annually 
in three circular plots of 400 m2 within each experimental unit. Growth losses were evaluated using stem analyses.

Results  Mortality was much higher in balsam fir than in black spruce and white spruce (respectively 74.4%, 13.8% 
and 5.9% in untreated stands) in all protection scenarios. The application of Btk every 2 years reduced balsam fir 
mortality to a level similar to the standard scenario (10.3% vs 7.15%, respectively) at a much lower cost. Growth losses 
have also been reduced but not to the same extent as in the standard scenario.

Conclusion  Spraying Btk every 2 years provides effective protection to balsam fir and is the most cost-effective sce‑
nario. A less intensive use of Btk would mitigate impact on non-target lepidoptera and allow protecting other areas, 
such as habitat of the woodland caribou, a threatened species which avoids disturbed areas.

Keywords  Spruce budworm, Bacillus thuringiensis, Spray operations, Tree mortality, Volume losses, Balsam fir, Spruce spp

1  Introduction
Natural disturbances such as insect outbreaks not only 
significantly affect forest structure, composition, ecosys-
tem function, and services (Anderegg et al. 2015) but can 
also adversely affect regional economies (MacLean 2016). 
Globally, insect outbreaks have affected over 29 million ha 
annually, on average, between 2002 and 2017 (FAO 2020). 
The cost associated with these outbreaks can be sub-
stantial in terms of tree mortality and growth losses. For 
example, Ayres and Lombardero (2000) estimated that the 
economic impact of forest pests could account for over 
one billion USD per year in the USA. Similarly, Chang 
et  al. (2012) projected that uncontrolled outbreak of the 
spruce budworm (Choristoneura fumiferana [Clemens]), 
which is a native defoliator, could incur economic losses 
in eastern Canada ranging from 3.3 to 4.7 billion CAD 
between 2012 and 2041. Therefore, effective management 
methods to protect stands against insect outbreaks are 
urgently needed to preserve the integrity of forests and 
ecosystem services they provide (Wainhouse 2005).

Several methods of direct (insecticide application, biolog-
ical control and semiochemicals) and indirect (increasing 
stand diversity, application of silvicultural techniques such 
as thinning, among others) control have been advocated 
to protect forests against insect defoliators (Wainhouse 
2005; Bentz et  al. 2019). The selection of the appropriate 
combination of pest management methods requires a clear 
understanding of the manner in which these techniques 
affect tree and stand resistance, together with a thorough 
assessment of system responses to the prescriptions so 
that subsequent decisions are better informed (Wainhouse 
2005). Direct control using aerial spraying of pesticides 
has been utilized since the early twentieth century against 
insect defoliators (e.g., Trägårdh 1935; Prebble 1975) with 
positive results in terms of insect mortality (e.g., Blais 
1977), foliage protection (e.g., Prebble 1975; Blais 1977) and 
tree survival after the outbreak (e.g., Fuentealba et al. 2022).

Bacillus thuringiensis var. kurstaki (Btk) is currently 
one of the most widely used biological insecticide around 

the world (van Frankenhuyzen et  al. 2016; Hajek and 
van Frankenhuyzen 2017), due to its specificity for Lepi-
doptera and its efficacy in reducing the damage they 
cause. Nevertheless, 25  years ago, aerial applications of 
Btk against the spongy moth Lymantria dispar (L.) trig-
gered emotional debates among citizens of the United 
States, arguing over the specificity of Btk for Lepidoptera 
(Scriber 2001). A few years earlier, abundance and rich-
ness of non-target Lepidoptera were shown to decrease 
after Btk applications (Miller 1990; Wagner et  al. 1996). 
However, few years later, another study showed some 
recovery of non-target Lepidoptera one to four years after 
the end of spraying operations (e.g., Boulton et al. 2007), 
indicating that adverse effects of Btk on forest ecosystems 
and non-target organisms were limited and temporary at 
best (van Frankenhuyzen et al. 2016). This shows the role 
of scientific research in framing public debate with solid 
data. However, most studies involving the use of Btk were 
carried out after only 1 year of applications and concerns 
remain regarding the effects of multi-year applications 
of Btk on non-target Lepidoptera, such as during spruce 
budworm outbreaks that may last over a decade.

In Canada, commercial formulations of Btk have been 
used since 1980s to reduce spruce budworm-induced 
damage (Dorais et  al. 1995; van Frankenhuyzen et  al. 
2016). Periodic outbreaks of this native defoliator first 
result in growth reductions and, eventually, in death 
of attacked trees after 4 or 5  years of severe defoliation 
in balsam fir (Abies balsamea [L.] Mill.) (Blais 1958; 
MacLean and Ostaff 1989; MacLean 1980; 2016) or 6 to 
7  years in white spruce (Picea glauca [Moench] Voss) 
(Blais 1981). Mortality in black spruce (Picea mari-
ana [Mill.] B.S.P.) is marginal and usually limited to 
over-mature and suppressed trees (Lussier et  al. 2002). 
Growth losses due to spruce budworm defoliation can 
be observed from the first year of defoliation and onward 
(Piene 1980; Krause et al. 2012). Growth reductions of up 
to 20% have been reported during the first year of defo-
liation (Piene 1980). During the second year of severe 



Page 3 of 18Bauce et al. Annals of Forest Science           (2024) 81:40 	

defoliation, these reductions can reach 25–56% (Batzer 
1973; Piene 1980) and up to 75–95% by the end of the 
epidemic (Batzer 1973). Growth losses are less severe in 
spruce species (Piene 1991; Chen et al. 2017). Blais (1964) 
reported growth losses of 36% in white spruce over a 
defoliation period of 11  years. In black spruce, growth 
reductions begin after 1 to 3  years of severe defoliation 
and can reach up to 40% in volume by the end of the out-
break (Krause et al. 2012).

The main goal of spruce budworm control programs 
in the Province of Quebec (Canada) is to protect at least 
50% of the current-year foliage to limit host tree mortality 
(Dorais et al. 1995). Despite positive results in terms of foli-
age protection (e.g., Bauce et al. 2004; Fournier et al. 2010; 
Fuentealba et al. 2015, 2019), this approach requires repeat-
ing Btk applications every year for around 10  years in the 
same stands, making it a costly approach. In addition to 
high annual costs, this program faces important logistical 
problems, as it covers a vast territory covering tens of mil-
lion of hectares. With manpower shortages, limited num-
ber of aircraft, and a narrow time window (around 25 days), 
conducting operations on such large-scale program is a 
challenge. As a result, only 5–10% of the area infested by the 
spruce budworm can be protected, which remains insuffi-
cient for the various forest users. There is little information 
on the overall cost of this approach and its long-term effects 
in terms of reducing tree mortality and growth losses and 
therefore its cost-effectiveness. Furthermore, it is not known 
whether the threshold of 50% current-year foliage protec-
tion targeted for aerial spraying is justified in all situations, 
given the observed differences in resistance to budworm 
attack among host species (Blais 1981, 1983a; Fuentealba 
et  al. 2017). A quantitative evaluation of the impact of 
spruce budworm and the cost-effectiveness of forest protec-
tion programs is essential, not only to determine the best 
strategy to use but also to improve our ability to predict and 
maintain stable supplies of wood to the forest industry.

To test whether a less-intensive protection program 
can provide an adequate level of protection, we initiated 
a long-term study in 2007, in which we compared four 
aerial Btk spraying scenarios, together with an unsprayed 
scenario. The scenarios involved a gradient of protec-
tion intensity that ranged from no protection (used as 
control treatment for the experiment) to intensive pro-
tection with multiple applications of Btk each year to 
reduce budworm impact at the lowest possible level. Sce-
narios developed to provide very light and light protec-
tion involved respectively Btk applications every 3 and 
2 years. To assess their efficacy and cost-effectiveness, we 
compare them to our reference scenario, i.e., the stand-
ard scenario, which is the protection approach currently 
used in Quebec. This approach applies Btk, with the aim 
of protecting at least 50% of current-year foliage after a 

year of moderate or severe defoliation (≥ 35%) (for more 
details, see Table 1).

In a previous article, we evaluated the efficacy of the 
aforementioned protection scenarios in protecting tree 
residual photosynthetic capacity (RPC) during the first 
7 years (2010–2016) of this long-term study (Fuentealba 
et al. 2019). RPC was estimated using the residual foliage 
area after defoliation and the estimated contributions to 
total photosynthetic capacity of foliage of different age 
classes and spruce budworm defoliation intensities (for 
further details, please see Fuentealba et  al. 2019). Our 
results showed that a less intensive spraying scenario (Btk 
application every 2  years) than the one currently used 
in Quebec provided an adequate level of protection by 
maintaining tree residual photosynthetic capacity (RPC) 
above the threshold (Fuentealba et  al. 2019) associated 
with low balsam fir mortality (38 to 51% of RPC) (Dorais 
and Hardy 1976). RPC is a more reliable proxy for assess-
ing tree capacity to recover after an outbreak than is 
current-year defoliation, given that the former considers 
effects of current and past defoliation and informs on the 
physiological status of the defoliated host tree (Dorais 
and Hardy 1976; Fuentealba et al. 2019). In this study, we 
used tree mortality and growth data from this long-term 
study to assess the efficacy of the aforementioned scenar-
ios in protecting Quebec’s forests in terms of their effects 
on wood production (losses of wood fiber through tree 
mortality and growth reductions). We hypothesized that 
a less-intensive protection approach might be more cost-
effective than the approach currently used in Quebec, 
referred as the standard scenario. Scenarios involving Btk 
application every 3 and 2 years may provide similar foli-
age protection and wood losses to the standard scenario 
but at a much lower cost. The main goal of this study is to 
evaluate the efficacy of the five previously mentioned Btk 
spray scenarios for reducing tree mortality and growth 
losses over the 11-year outbreak period (2010–2020) 
and compare their economic profitability. We aimed at 
determining if less-intense Btk scenarios (Btk application 
every 3 and 2 years) may be profitable alternatives to pro-
tect Quebec’s forests by providing results similar to the 
standard approach currently used in terms of tree mor-
tality and growth losses reduction but at a lower cost.

2 � Materials and methods
2.1 � Study area
The study is located in Quebec’s Côte-Nord region 
(Fig. 1), where the climate is continental humid. Annual 
precipitation varies between 900 and 1300  mm, while 
mean annual temperature ranges from − 1.5  °C to 2.5  °C 
(Robitaille and Saucier 1998). The topography of the 
region is rugged, with high hills and deep valleys. Till is 
the main surface deposit, but fluvio-glacial deposits can 



Page 4 of 18Bauce et al. Annals of Forest Science           (2024) 81:40 

be found at the bottoms of broad valleys (Robitaille and 
Saucier 1998). Forests are dominated by balsam fir and 
black spruce. Historically, this region had been affected 
by light spruce budworm outbreaks until the 1970s 
when a severe outbreak occurred, which caused signifi-
cant stand and landscape-scale mortality in the southern 
part (Blais 1983a; Bouchard and Pothier 2010). During 
the present infestation, spruce budworm populations 
increased steadily from 2006 to 2020, defoliating 2319 ha 
in 2006 to over 4.4 million ha in 2020. The area that was 
affected by this defoliator declined sharply in 2022, to 
about 340,000  ha, of which around 80% sustained light 
defoliation (MRNF 2022).

2.2 � Experimental design
Nineteen 100-ha experimental units were selected and 
established in 2007 in balsam fir (Abies balsamea (L.) 
Mill.) dominated stands with disseminated black (Picea 
mariana Mill.) and white spruce (P. glauca (Moench) 
Voss.)  according to the following criteria: (1) spruce 
budworm populations or traces of defoliation had been 
detected; (2) forest stands were highly susceptible and 
vulnerable; and (3) no operational constraints were in 

place and site accessibility was adequate. With regard to 
the second criterion, the mixed fir-spruce stands in ques-
tion are composed mainly of balsam fir (average content 
in the experimental units was 58% of standing volume) 
and, to a lesser extent, of white spruce (average content 
in the experimental units was 17% of standing volume) 
and black spruce (average content in the experimental 
units was 25% of standing volume). Experimental units 
were randomly assigned to one of five spraying sce-
narios (including unsprayed stands) (Table 1), with four 
replicates per scenario, with the sole exception of the 
approach currently used in Quebec, to which three units 
were assigned. One of the experimental units belonging 
to this scenario was removed from the analysis as spruce 
budworm populations remained very low and defoliation 
did not reach the moderate level that is required to trig-
ger Btk applications.

2.3 � Btk formulations and applications
Btk applications were carried out on an operational basis 
using all available resources in terms of aircraft and 
registered products. Foray 76B™ and Bioprotec HP™ 
are the Btk strain HD-1 commercial formulations at a 

Table 1  Description of the Btk spray application scenarios that were compared in this study, and efforts invested in each one over 
11 years of implementation, as expressed by the overall number of Btk spray applications conducted for each scenario, and cost of Btk 
interventions depending on the number of years of treatment and aerial applications for the different protection scenarios

Scenario Description Rationale behind each scenario Number 
of years of 
treatment

Number 
of Btk 
applications

Mean 
cost 
(CAD/ha)

Total cost (CAD/ha)

1 No protection Control (SBW impact 
when no protection is applied)

0 0 0 0

2 Very light protection (Btk applied 
every 3 years)

It aims to reduce mortality 
in susceptible hosts. The spruce 
budworm outbreak could induce 
certain thinning by killing weak 
trees, such as those exhibiting 
a small crown. Such thinning 
would favor future crop trees, 
thereby producing an interest‑
ing timber volume after the end 
of the outbreak

4 7 23.31 279.69

3 Light protection (Btk applied 
every 2 years)

The objective of this scenario 
is to reduce tree mortality 
and growth losses. This strategy 
could be allowed to either rotate 
the areas to be protected 
or increase the area treated 
without additional cost

6 11 36.46 437.55

4 Standard protection (Btk applied 
1 year after moderate to severe 
defoliation to keep defolia‑
tion ≤ 50%)

Standard strategy used in Que‑
bec. It aims to protect at least 
50% of current-year foliage 
to avoid tree mortality

11 20 65.97 791.59

5 Intensive protection (up to three 
Btk applications per year)

The purpose of this strategy 
is to keep SBW defoliation at 20% 
or less to reduce growth losses 
and tree mortality to a minimum

12 29 89.15 1069.83
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nominal potency of 20.0 billion international units per 
liter (BIU/L) (Abbott Laboratories, Chicago, IL, USA; on 
behalf of Valent Bio-Sciences Corporation, Libertyville, 
IL, and AEF Global Inc., Levis, QC, respectively). Both 
Btk formulations were applied to the previously described 
experimental units. Over the years, many aircraft have 
been used (Cessna 188; Dromader M-18; Air Tractor 402, 
502, 504, 602 and 802), with six or eight Micronair atom-
izers (Micronair Sprayers Ltd., Bromyard, Herefordshire, 
UK); the Micronair atomizers, which spin at 8000  rpm, 
were located within 75% of the total wingspan. These air-
craft were flown between 161 and 210 km/h, with 50, 80 
or 100-m spray widths. Aerial treatments were performed 
in the early morning or at dusk under good weather con-
ditions (no rain, maximum wind speed of 16 km/h). The 
flow rate through the nozzles was calibrated to deliver 
1.5 L/ha or 30 BIU/ha. Btk was sprayed up to three 
times yearly to maintain defoliation levels under 20% in 
the intensive protection scenario and under 50% when 
the other units were treated. The first aerial application 
of Btk against spruce budworm targeted third- to early 
fourth-instar larvae (beginning in mid-June), whereas 

the second and third applications were carried out 5 and 
10  days later, respectively, when populations were very 
high (> 24 larvae per branch; SOPFIM 2022). Btk treat-
ments were timed to coincide with early flushing of bal-
sam fir shoots. This timing provides optimal protection 
for balsam fir but does not substantially affect treatment 
efficacy in white spruce and black spruce that are found 
in the mixed fir-spruce stands (Cadogan and Scharbach 
1993; Carisey et al. 2004; Fuentealba et al. 2015).

2.4 � Evaluation of tree mortality and growth losses
Within each of the 19 experimental units, three circular 
sample plots of 400 m2 (radius = 11.28  m) were estab-
lished in 2011 to monitor tree growth and quantify 
mortality (expressed in terms of volume, m3) that was 
attributable to spruce budworm in each of the differ-
ent protection scenarios. Starting in 2011, all previously 
numbered merchantable stems (DBH ≥ 9.1 cm) that were 
present in the sample plots were measured annually using 
tree-calipers, then classified as dead or alive. Trees classi-
fied as dead in 2011 were considered dead from causes 
other than spruce budworm and, thus, removed from the 

Fig. 1  Experimental unit locations within the study area (Côte-Nord region of Quebec). Nineteen 100-ha experimental units were selected 
and established in 2007 and were assigned to one of the five protection scenarios tested in this study. Scenarios: no protection, Btk applied 
every 3 years, Btk applied every 2 years, Btk applied after 1 year of moderate to severe defoliation to keep defoliation ≤ 50% (standard protection 
in Quebec), Btk applied every year to keep spruce budworm impact at a minimum (intensive protection scenario)



Page 6 of 18Bauce et al. Annals of Forest Science           (2024) 81:40 

analysis. Host trees killed during the outbreak were first 
identified by the complete absence of needles. Mortal-
ity was then confirmed by examining the cambium near 
breast height for discoloration and dryness (MacLean 
1979). Only trees still standing, together with those pre-
sent on the forest floor with bark and branches, were 
included in mortality estimates. Given the low annual 
natural mortality of hosts (MacLean and Ostaff 1989) and 
that host wood decomposes rapidly (e.g., Campbell and 
Laroque 2007), the criteria used to select trees greatly 
reduced the likelihood of including natural mortality 
occurring prior to the outbreak (Bergeron et  al. 1995). 
Furthermore, to remove suppression-related mortality, 
only trees with DBH ≥ 10 cm were included in the mor-
tality estimates.

To properly document the effects of the insect and 
the protection scenarios on volume growth of the three 
host species, 135 “sentinel trees” (45 balsam fir, 45 white 
spruce and 45 black spruce individuals) were randomly 
identified in each of the 19 experimental units, yielding 
a total of 2565 individuals for the entire system (Bauce 
et al. 2024). Each of the 2565 trees was monitored annu-
ally for current-year defoliation using the Fettes grid 
(Fettes 1950) and recording their health status (cumu-
lative defoliation, dead or alive). The number of trees 
selected at the start of the experiment and monitored for 
more than 10  years made it possible to carry out stem 
analyses on subjects that were still alive in 2019 and 2020.

During the 2019 and 2020 seasons, a total of 342 trees 
(6 individuals per host species, yielding 18 trees per 
experimental unit) were felled to collect a series of discs 
for stem analyses. These analyses were carried out to 
assess growth losses according to the different scenarios 
of protection. After felling and measuring the total length 
of each stem, a disc was taken at each of the following 
heights: 30 cm, 80 cm, 1.30 m (DBH), 2.30 m, and at all 
subsequent meter-intervals until the diameter attained 
4 cm at the end. All discs were numbered and returned 
to the laboratory before being analyzed. Subsequently, all 
disks were sanded on one face, and, to facilitate analysis, 
four cross-shaped radii were marked out using a binocu-
lar microscope to highlight annual growth rings. Annual 
ring-widths were measured and cross-dated along these 
radii using an optical digitizing scanner (Epson Expres-
sion 1680, 200–400 dpi resolution), combined with image 
analysis software (WinDendro, Regent Instruments Inc., 
Quebec, QC). For each year and tree, the volumetric 
and cambial surface area growth was determined using 
XLSTEM macros (Regent Instruments Inc.).

Volume growth estimates were based upon growth 
expressed as an annual volume increment (AVI) using 
the methodology proposed by Gross (1992). As treat-
ment began in various years in each experimental unit, 

scenario efficacy was assessed according to the number 
of years after the beginning of the treatment of a given 
scenario rather than by calendar year. Estimated growth 
losses were calculated for each year since the first treat-
ment based upon the average 5-year pre-treatment 
growth period using the following formula:

 where AVI is the annual volume increment expressed 
as a percentage for the year n since the first treatment, 
VIn is the volume increment for the year n since the first 
treatment, and VIp is the mean volume increment of the 
5-year pre-treatment period. This index eliminates a con-
siderable portion of variation in growth related to tree 
size (Gross 1992). A growth index above or below 100% 
indicates respectively higher growth (growth increase) 
or lower growth (loss of growth) compared to the aver-
age 5-year pre-treatment growth period. Furthermore, 
specific volume increment (SVI, m3/m2) was calculated 
for each year since the first treatment using the following 
formula:

where SVIn is the specific volume increment for the 
year n since the first treatment, VIn is the volume incre-
ment for the year n since the first treatment, CSAn-1 is 
cambial surface area for the year n-1, and CSAn is the 
cambial surface area for the year n since the first treat-
ment. SVI is a measure of tree growth that reflects the 
net result of a tree’s metabolic activities (Shea and Arm-
son 1972) and is correlated to a lesser degree with tree 
age than with other growth measures. Therefore, it is 
deemed to be more sensitive to changes in growth that 
are produced by external stimuli such as defoliation 
(Piene 1981).

2.5 � Cost–benefit analysis
In our cost–benefit analysis, we refer to the indicator 
ratio throughout the paper, in terms of the benefit/cost 
ratio (BCR), which was calculated to evaluate the eco-
nomic profitability of each scenario tested in this study. 
BCR expresses how much financial value a project may 
generate in relation to the investment that is required to 
see through to the end of the project (Keefe et al. 2012). 
The cost of treatments is derived from real estimates 
that are included in annual reports of SOPFIM (Société 
de protection des forêts contre les insectes et maladies) 
activities linked to aerial applications of Btk (e.g., SOP-
FIM 2022). Costs were estimated using the following 

AVIn(%)=
VIn

VIp
× 100

SVIn =
VIn

(CSA(n − 1)+ CSAn)/2
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premises: (a) the year 2009 was not considered in cost 
estimation because treatments began in 2010 or later; (b) 
costs come from regular protection programs conducted 
in natural forests; (c) 2020 costs were not included, due 
to extra costs that were incurred by the use of helicopters 
instead of airplanes as a result of COVID 19 pandemic; 
(d) the average cost was determined from an average 
weighted by the area that was treated; (e) costs gener-
ated by single, double, and triple application of Btk were 
updated using the consumer price index (CPI), which 
was calculated annually by the Bank of Canada (Statistics 
Canada 2021); (f ) the second and third applications were 
16% less expensive than the first application due to fixed 
costs that were unrelated to the area being protected. The 
weighted average cost of the first aerial application of Btk 
for the period 2010–2021 was 42.9 CAD (in 2021 dollars) 
per hectare, whereas the additional costs of a second and 
third application of Btk were 36.06 CAD (each in 2021 
dollars). Based on these estimates, we calculated the total 
cost of investments made to conduct each protection 
scenario studied (Table  1). The benefits were estimated 
as the gains in volume that can be attributed to the pro-
tection scenarios by subtracting volume losses through 
mortality and growth losses per hectare observed in each 
protection scenario from volume losses observed in the 
no protection scenario (Table 2). We used a range of tim-
ber values (5 to 20 CAD per m3) to evaluate the effect of 
this variable on the BCR analysis.

2.6 � Statistical analysis
Tree mortality (expressed in m3) was averaged by host 
species and experimental unit, and then submitted to 
repeated-measures analyses of variance (ANOVA) 
in a completely randomized design, where the num-
ber of years after the first treatment was considered 

as a repeated-measures object. Given the large differ-
ence in mortality between balsam fir and spruce spe-
cies reported in the literature (e.g., MacLean 1980; 
Fuentealba et al. 2022), mortality was separately evalu-
ated for each host species. The models used to evaluate 
mortality for each host species contained fixed effects 
(Btk spraying scenarios and number of years after the 
first treatment) and all possible interactions between 
these terms and random effects (experimental unit 
nested within scenario). We performed these analyses 
using PROC GLIMMIX (SAS Institute Inc., 2003) since 
the data had a binomial distribution (SAS Institute 
Inc., 2003). Volume growth losses (AVI and SVI) and 
current-year defoliation were averaged by host species 
and experimental unit and then submitted to repeated-
measures ANOVA using PROC MIXED in a com-
pletely randomized design where the number of years 
after the first treatment was considered as a repeated-
measures object. The MIXED procedure of SAS (SAS 
Institute Inc. 2003) was used with a repeated statement 
and the covariance structure (compound symmetry for 
volume growth losses and first-order autoregressive 
for defoliation) that minimized the Akaike criterion. 
The Kenward-Roger method was used to calculate the 
degrees-of-freedom (Kenward and Roger 1997). Given 
that the volume growth loss data did not meet assump-
tions of normality and homoscedasticity, the tests were 
performed on ranked data. The models contained fixed 
effects (Btk spraying scenarios, host species, and num-
ber of years after the first treatment) and all possible 
interactions between these terms and random effects 
(experimental unit nested within the scenario). The 
LSMEANS statement (SAS Institute Inc. 2003) com-
puted least-squares means and performed multiple 
comparisons (Tukey–Kramer adjustment) for each fac-
tor and interaction.

Table 2  Overall volume losses (mortality and growth) linked to the spruce budworm outbreak and volume gains attributable to 
treatments for the three host species according to the different protection scenarios. This information was used to estimate the 
benefits used in the cost–benefit analysis. The benefits were estimated as the gains in volume that can be attributed to the protection 
scenarios by subtracting volume losses through mortality and growth losses per hectare that were observed in each protection 
scenario from volume losses that were observed in the no protection scenario

Losses Gains

Scenario Balsam fir White spruce Black spruce Total Balsam fir White spruce Black spruce Total

(m3/ha) (m3/ha) (m3/ha) (m3/ha) (m3/ha) (m3/ha) (m3/ha) (m3/ha)

No protection 91.4 7.3 13.9 112.6 0 0 0 0

Btk every 3 years 56.6 2.9 4.3 63.8 34.8 4.4 9.6 48.8

Btk every 2 years 21.9 2.2 3.8 28.35 69.5 5.1 10.1 84.3

Standard 6.7 2 3.8 13 84.7 5.3 10.1 99.6

Intensive 5.8 2.2 1.2 9.3 85.6 5.1 12.7 103.3
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3 � Results
The results of repeated-measures ANOVA indicate that 
protection scenarios and the number of years since the 
start of aerial spraying have significant effects on bal-
sam fir mortality. Yet, the interaction of these two fac-
tors, in turn, was not significant (Table  3). Balsam fir 
mortality was higher in unprotected units than in those 
assigned to other protection scenarios tested in this study 
(Fig. 2, Tables 4 and 5). Indeed, we observed that unpro-
tected units lost in average 56.1 m3/ha balsam fir volume, 
whereas units assigned to the other protections scenarios 
lost in average between 12.6 to 50.7 m3/ha less balsam fir 
volume than the no protection scenario (Table 4). In con-
trast, cumulative mortality remains low in spruce species 
and did not exceed 14% of available volume, regardless of 
the protection scenario being considered (Fig. 3; Table 5). 
Nevertheless, the protection scenarios had also statisti-
cally significant effects on white spruce and black spruce 
mortality (Table  3). Spruce mortality was significantly 
higher in unprotected units compared to the other pro-
tection scenarios, exhibiting a cumulative mortality of 
1.8 m3/ha in white spruce and 6.1 m3/ha in black spruce 
(Table  4). Host cumulative mortality varied from 6.4 to 
64 m3/ha, with the highest mortality being observed in 
unprotected units (Tables  2 and 4). Balsam fir was the 
most strongly affected host species. Yet, balsam fir vol-
ume loss per hectare was significantly reduced in units 
subjected to Btk treatments every two years, and to the 
standard and intensive scenarios (Fig. 2).

In terms of relative changes, balsam fir mortality in 
unprotected units was ~ 34% higher than in the those 
treated with Btk every 3 years, ~ 64% higher than in units 
treated with Btk every 2 years, ~ 67% higher than in those 
treated using the standard scenario, and ~ 71% higher 
than in those treated with the intensive protection sce-
nario (Fig. 2, Table 5). It should be noted that cumulative 
mortality was similar in units treated every two years and 
in those treated with the standard approach (10.26% and 
7.15%, respectively) after 11  years of treatment (Fig.  2, 
Table  5). Spruce species in turn exhibited cumulative 
mortality varying between 5.94% and 13.83% in unpro-
tected units whereas it did not surpass 4% in the other 
protection scenarios (Fig. 3 and Table 5).

Furthermore, balsam fir mortality followed an incre-
mental trend over time regardless of the protection sce-
nario being considered. Indeed, balsam fir mortality was 
negligible, and this trend remained stable until the sixth 
year after the start of spraying (Fig.  2). From the sixth 
year onward, mortality increases continuously over time 
in the no protection scenario and in units treated with 
Btk every 3 years (Fig. 2). For the other protection scenar-
ios (standard and intensive protection spraying scenarios 
and in units treated every 2  years), a slight increase in 

mortality is perceptible from the seventh year onward 
(Fig. 2). In contrast, the number of years since the start 
of aerial spraying did not have a significant impact on 
spruce species mortality (Table 3).

Defoliation level during the study period varied sig-
nificantly between host species as well as among spraying 
scenarios and number of years after the first treatment 
(Table  6). Balsam fir sustained greater defoliation than 
spruce species throughout the study period (Fig.  4). In 
general, experimental units assigned to more intensive 
spraying scenarios sustained less defoliation, but it varied 
greatly through time (Fig. 4). Cumulative volume growth 
losses varied among host species from 2.8 to 48.7 m3/ha 
(Table  4). Indeed, cumulative volume growth losses are 
very low for balsam fir in units subjected to the stand-
ard and intensive scenarios (0.55 and 1.50%, respectively; 
Table  5) and low in those protected every 2 or 3  years 
(Table 5). In the case of spruce species, cumulative vol-
ume growth losses ranged from 0.8 to 3.8 m3/ha (Table 4) 
which represent relative losses ranging from 14.80 to 
42.40% of volume growth (Table 5), depending upon the 
protection scenario.

Protection scenario, host species, years after the first 
treatment and the interactions between protection sce-
nario and host species, and protection scenario and 
years after the first treatment had significant effects on 
AVI (Table  6). Indeed, marked reductions in AVI were 
observed for the three host species in unprotected units 
and in those treated every three years (Fig. 4). AVI losses 
are first noted 3  years after the first treatment in black 
spruce and 4 years after the first treatment in balsam fir 
and white spruce in unprotected units. White spruce 
shows the least significant AVI reductions in unprotected 
units, while black spruce and balsam fir show similar AVI 
reductions by the end of the study. In units treated every 
3 years, the three species show a similar reduction in AVI 
after 10 years of treatment (Fig. 4).

The units treated every 2 years also showed reductions 
in AVI, but these were less important than those observed 
in unprotected units and those treated every 3  years in 
balsam fir and black spruce (Fig.  4). In contrast, white 
spruce showed similar losses to those observed in units 
treated every 3  years (Fig.  4). The standard protection 
scenario, in turn, appears to be effective in reducing AVI 
losses in balsam fir only. AVI reductions were observed in 
this species only at the end of the study period, whereas 
spruce species sustained AVI losses throughout the study 
period. These were less important when compared to 
less intense protection scenarios (Fig.  4). The intensive 
scenario is effective in reducing AVI losses in balsam fir, 
given that no growth losses were observed during the 
study period. Furthermore, this scenario seems to protect 
black spruce reasonably well, given that AVI reductions 
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did not often exceed 16% (Fig.  4). Finally, even if white 
spruce exhibited AVI losses in units assigned to the 
intensive scenario, these were less significant when com-
pared to growth losses observed in units treated with the 
standard scenario (Fig. 4).

Host species, years after the first treatment, and the 
interactions between protection scenario and host spe-
cies, and protection scenario and years after the first 
treatment had significant effects on SVI (Table 5). Balsam 
fir exhibited a higher SVI compared to spruce species, 

Fig. 2  Balsam fir cumulative mortality (%) according to protection scenario and years after the first treatment (lsmeans ± SEM). Scenarios: 
no protection, Btk applied every 3 years, Btk applied every 2 years, Btk applied after 1 year of moderate to severe defoliation to keep 
defoliation ≤ 50% (standard protection in Quebec), Btk applied every year to keep spruce budworm impact at a minimum (intensive protection 
scenario)

Table 4  Cumulative volume losses (mortality and volume growth reductions) in m3/ha according to host species and protection 
scenario

Mortality (m3/ha) Volume growth losses (m3/ha)

Scenario Balsam fir White spruce Black spruce Total Balsam fir White spruce Black spruce Total

No protection 56.1 ± 7 1.8 ± 0.8 6.1 ± 4 64.0 ± 7 35.3 ± 2.1 5.5 ± 2.1 7.8 ± 2.1 48.7 ± 2.1

Btk every 3 years 43.5 ± 7 1.1 ± 0.8 0.5 ± 0.5 45.1 ± 7 13.1 ± 2.1 1.8 ± 2.1 3.8 ± 2.1 18.7 ± 2.1

Btk every 2 years 11.9 ± 7 0.6 ± 0 4 0.9 ± 0.6 13.4 ± 7 9.1 ± 2.1 1.5 ± 2.1 2.8 ± 2.1 13.5 ± 2.5

Standard 7.1 ± 9 0.2 ± 0.15 0.0 ± 0.0 7.3 ± 9 0.2 ± 2.1 1.9 ± 2.5 3.8 ± 2.5 6.0 ± 2.5

Intensive 5.4 ± 7 0.6 ± 0.3 0.4 ± 0.3 6.4 ± 7 0.4 ± 2.1 1.6 ± 2.1 0.8 ± 2.1 2.0 ± 2.1

Table 5  Cumulative volume losses (mortality and volume growth reductions) as percentages according to host species and 
protection scenario

Mortality (%) Volume growth losses (%)

Scenario Balsam fir White spruce Black spruce Total Balsam fir White spruce Black spruce Total

No protection 74.38 ± 7.4 5.94 ± 1.7 13.83 ± 2.9 42.75 ± 6.2 54.40 ± 6.0 48.70 ± 6.0 55.90 ± 6.0 53.10 ± 6.0

Btk every 3 years 40.17 ± 6.7 4.11 ± 1.5 1.27 ± 1.0 25.84 ± 5.1 44.10 ± 6.0 35.10 ± 6.0 42.40 ± 6.0 39.50 ± 6.0

Btk every 2 years 10.26 ± 4.0 1.65 ± 0.8 2.25 ± 1.3 6.99 ± 2.8 22.86 ± 6.0 33.60 ± 6.0 20.91 ± 6.0 24.80 ± 6.0

Standard 7.15 ± 5.2 0.40 ± 0.6 0.0 ± 0.0 3.69 ± 2.9 0.55 ± 7.0 26.80 ± 7.0 25.20 ± 7.0 17.60 ± 7.0

Intensive 3.80 ± 2.3 1.82 ± 0.9 0.96 ± 0.8 2.95 ± 1.8 1.50 ± 6.0 27.90 ± 6.0 14.80 ± 6.0 14.80 ± 6.0
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in both unprotected units and those that had been sub-
jected to the standard and intensive scenarios. No dif-
ference was observed in the units treated every two and 
three years (Fig.  4). In general, decreases in SVI were 
observed in all spraying scenarios tested in this study, but 
they were more important in spruce species than in bal-
sam fir, especially in experimental units assigned to the 
standard and intensive protection scenarios (Fig. 4).

BCR shows that all protection scenarios tested proved 
to be profitable when timber values ranged between 10 
and 20 CAD/m3, assuming that harvesting occurs shortly 
after the end of spraying operations (Fig. 5). However, a 
loss of profitability is observed for all protection scenar-
ios when the timber value was 5 CAD/m3. Furthermore, 
the light protection scenario exhibited the highest BCR 

value (3.85), confirming that applying Btk every 2 years is 
the most profitable approach to manage forests affected 
by a spruce budworm outbreak. Furthermore, the opera-
tional cost associated to the different scenarios differed 
significantly. Deploying the intensive scenario resulted 
in a cost of 1069.83 CAD/ha, whereas the standard sce-
nario cost 791.59 CAD/ha during the study period. These 
operational expenses are around 2.4 and 1.8 times higher 
than the cost of applying Btk every 2 years (437.55 CAD/
ha) (Table 1). Consequently, applying Btk every 2 years is 
not only the most profitable approach to protect forest 
against spruce budworm but also its lower operational 
cost as compared with the two aforementioned scenarios 
would allow to protect additional area without the need 
to increase the budget allocated to forest protection.

Fig. 3  Spruce spp. cumulative mortality according to protection scenario. Scenarios: no protection, Btk applied every 3 years, Btk applied every 
2 years, Btk applied after 1 year of moderate to severe defoliation to keep defoliation ≤ 50% (standard protection in Quebec), Btk applied every year 
to keep spruce budworm impact at a minimum (intensive protection scenario)

Table 6  Summary of repeated-measures ANOVA using PROC MIXED showing the effects of various Btk spray scenarios, host trees 
(balsam fir, white spruce and black spruce), and number of years after the first treatment on annual volume increment (AVI), specific 
volume increment (SVI), and current-year foliage defoliation

* Variables were rank-transformed

Source of variation AVI* SVI* Defoliation

F df p F df p F df p

Protection scenario 4.67 4,14 0.0131 1.27 4,14 0.3263 47.32 4,14  < 0.0001
Host species 38.86 2,395  < 0.0001 56.66 2,395  < 0.0001 115.21 2,104  < 0.0001
Scenario × host species 11.27 8,395  < 0.0001 8.74 8,395  < 0.0001 1.56 8,124 0.144

Years after 1st treatment 76.25 9,394  < 0.0001 118.03 9,395  < 0.0001 47.14 10,368  < 0.0001
Scenario × years after 1st treatment 3.7 36,394  < 0.0001 2.69 36,394  < 0.0001 7.8 39,388  < 0.0001
Host species × years after 1st treatment 0.94 18,394 0.525 0.89 18,394 0.5879 1.56 20,333 0.0609

Scenario × host species × years after 1st treatment 0.77 72,394 0.9173 0.43 72,394 1 0.78 78,353 0.9129
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Fig. 4  Current-year defoliation (%), annual volume increment (AVI) of the tree (estimated using stem analysis data), and specific volume increment 
(SVI) according to host species, protection scenario and years after the first treatment (lsmeans ± SEM). Scenarios: no protection, Btk applied 
every 3 years, Btk applied every 2 years, Btk applied after 1 year of moderate to severe defoliation to keep defoliation ≤ 50% (standard protection 
in Quebec), Btk applied every year to keep spruce budworm impact at a minimum (intensive protection scenario)

Fig. 5  Benefit–cost ratios for the different protection scenarios tested based on simulations varying the monetary value of standing softwood 
timber. The weighted average cost of the first aerial application of Btk for the period 2010–2021 was CAD 42.9 (2021 dollars), whereas the additional 
costs of a second and third application of Btk were CAD 36.06 (each in 2021 dollars). Based on these estimates, we calculated total cost 
of investments that were made to conduct each protection scenario studied. The benefits were estimated as the gains in volume that can be 
attributed to the protection scenarios by subtracting volume losses through mortality and growth losses per hectare that were observed in each 
protection scenario from volume losses that were observed in the no protection scenario
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4 � Discussion
Our results show that the most cost-effective protection 
scenario for reducing wood losses caused by a SBW out-
break is spraying Btk every two years. At a lower cost, 
it reduces tree mortality to a level similar to that of the 
standard scenario, which is the protection scenario that 
has been deployed in Quebec over the last 35 years. Bal-
sam fir cumulative mortality (expressed as m3/ha) in 
units protected with a Btk application scenario ranged 
from 3.80 to 40.17% depending upon protection inten-
sity, whereas unprotected units exhibited 74.38% mor-
tality. In other words, the protection scenarios tested in 
this study saved an average of 12.6 to 50.7 m3/ha of bal-
sam fir volume by preventing spruce budworm-related 
mortality as compared with unprotected units. These 
results are consistent with the literature, confirming that 
aerial spraying can substantially reduce balsam fir mor-
tality (e.g., Batzer 1973; MacLean et  al. 1984; Fournier 
et  al. 2010; Fuentealba et  al. 2022). Reduction in wood 
volume losses from balsam fir mortality observed in 
stands sprayed with Btk every 2  years, compared to the 
no protection scenario (average of 44.2 m3/ha), is notice-
ably higher than that reported in a previous study, con-
ducted in the Ottawa River Valley and which used the 
standard scenario (20.5 m3/ha; Fournier et al. 2010). Our 
study area belongs to the boreal forest and is dominated 
by highly vulnerable coniferous stands, while the Ottawa 
River Valley belongs to the temperate forest in which 
deciduous trees dominate and where conifers grow in 
less vulnerable mixed stands. Thus, the volume of vul-
nerable trees to the spruce budworm was much higher in 
our study area than in Fournier et  al. (2010). Neverthe-
less, the reduction in wood volume losses from balsam fir 
mortality in our study is also higher than that reported 
during the previous outbreak when both chemical and 
biological insecticides were used in several regions of 
Quebec (34.8 m3/ha; Fuentealba et al. 2022), attesting for 
the efficacy of this less-intensive scenario but also sug-
gesting that aerial application technology has improved 
since the last outbreak. The application of Btk every 
2  years reduced balsam fir mortality in highly vulner-
able forests affected by a very severe spruce budworm 
outbreak. Moreover, among all the scenarios tested, the 
application of Btk every 2 years had the highest benefit/
cost ratio, regardless of the monetary value of the wood 
used in the simulations. This shows that the application 
of Btk every 2  years is the most cost-effective approach 
for mitigating the impacts of spruce budworm outbreaks. 
This conclusion is further supported by the similar lev-
els of mortality observed in units assigned to these two 
scenarios (10.26 vs 7.15% in units treated every 2  years 
and treated with the standard approach, respectively), 
together with the findings that this strategy maintained 

defoliation at a moderate intensity level (≤ 75%) for most 
of the study period, thereby providing reasonable protec-
tion in terms of maintaining balsam fir photosynthetic 
capacity (Fuentealba et al. 2019). These results also cor-
roborate the conclusion of Fuentealba et al. (2022) that it 
is not necessary to reach the target of protecting 50% of 
the current-year foliage every year to substantially reduce 
balsam fir mortality.

Considering that around 5% of the spruce budworm 
infested area is protected with Btk at the peak of the 
outbreak, spraying every 2  years instead of every single 
year may also allow protecting a greater forest area every 
year and reduce the need to implement salvage logging 
plans. When several million hectares are affected by an 
outbreak (13 M ha in 2020, at the peak of the outbreak), 
the scale at which salvage logging must be done largely 
exceeds the harvesting capacity of the forest industry and 
the annual allowable cut defined by the Québec’s Chief 
Forester. The benefit/cost ratio of spraying Btk every 
3 years indicates that this scenario is also more profitable 
than the standard scenario. Yet, the high balsam mortal-
ity (40.17%) observed in stands sprayed with Btk every 
3  years renders this scenario less appealing than apply-
ing Btk every 2  years for maintaining the wood supply 
needed by the forest industry.

A similar assessment applies to volume growth losses 
in balsam fir since the debut of spraying operations. 
The extent of AVI losses is inversely related to protec-
tion intensity. Indeed, AVI losses in trees still alive at 
the end of the study period attained a maximum annual 
reduction of about 65% of the average 5-year pre-defo-
liation annual volume increment and a cumulative vol-
ume growth loss of 54.4% by the end of the study period 
in unprotected blocks. This trend concurs with previous 
studies reporting severe reductions in annual increment 
caused by spruce budworm defoliation in unprotected 
stands, which may range from 20 to 80% of the pre-defo-
liation volume increment (e.g., MacLean 1981; MacLean 
et  al. 1996; Fournier et  al. 2010). Stands treated every 
3  years also showed poor performance in terms of vol-
ume growth protection, confirming that this scenario is 
less suitable for protecting balsam fir stands from spruce 
budworm attack, from a wood production perspec-
tive. In contrast, balsam fir individuals in units assigned 
to the intensive and standard scenarios exhibited very 
low cumulative AVI losses after 10  years of defoliation, 
demonstrating the high efficacy of these scenarios for 
protecting volume growth during outbreaks. These sce-
narios would be favorable in highly productive balsam fir 
stands, if the goal was to protect tree growth, regardless 
of protection costs. However, even if applying Btk every 
2 years is not as efficient as standard and intensive sce-
narios in protecting balsam fir tree growth, it should be 
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recommended for protecting most balsam fir stands as it 
is the most profitable scenario, based on BCR.

SVI decreased under all protection scenarios, but 
the magnitude of SVI reductions was related to protec-
tion intensity. This response is consistent with a previ-
ous study reporting that the extent of SVI reduction was 
generally related to defoliation intensity (MacLean et al. 
1996). Indeed, trees in unprotected units exhibited a 
steady reduction in SVI over the study period. This trend 
is consistent with effects of severe defoliation on SVI in 
unprotected stands (Piene 1980; MacLean et  al. 1996). 
Piene (1980) had reported SVI reduction of about 20% 
after the complete removal of current-year foliage in 
balsam fir during the first year of severe defoliation. It is 
also noteworthy that SVI was higher in the unprotected 
stands than it was in the protected ones at the begin-
ning of the study. This phenomenon may be explained 
by the fact that only the most vigorous trees survived the 
severe defoliation observed in unprotected stands. Trees 
growing in stands treated every 3 and 2 years show simi-
lar trends in SVI reductions. Furthermore, the standard 
and intensive scenarios were more effective than the 
other scenarios in attenuating SVI reductions during the 
study period. Similar trends in SVI reductions (4 to 26%) 
resulted after 2 years of partial defoliation in New Brun-
swick (MacLean et al. 1996).

Mortality sustained by spruce species was much less 
important than mortality exhibited by balsam fir, which 
is consistent with the literature (MacLean 1980, 2016). 
Indeed, cumulative mortality sustained by spruce spe-
cies was very low in all protection scenarios, not exceed-
ing 14% in unprotected units. Tree mortality continues 
for several years after the cessation of defoliation (Blais 
1981). Therefore, more spruce mortality would be 
expected, but it is very unlikely that it would reach lev-
els as high as those observed in balsam fir. For example, 
MacLean (1980) reported that spruce mortality ranged 
between 13 and 36% depending upon stand age. Blais 
(1981) observed a 17% mortality rate for white spruce in 
the last year of defoliation, but it increased to 52% 4 years 
after cessation of defoliation. In contrast, Fuentealba et al. 
(2022) reported low spruce mortality at the end of the 
previous outbreak in Quebec within unprotected stands. 
Here, white and black spruce experienced 5.62 and 3.64% 
mortality, respectively. Information regarding volume 
losses in spruce species is scarce, given that most stud-
ies have focused upon spruce budworm’s most vulnerable 
host, i.e., balsam fir (MacLean 1981). The few available 
studies report growth volume losses ranging from 9 to 
27% in young white spruce trees after 2  years of severe 
defoliation (Piene 1991), 78% in white spruce plantations 
(D’Amato et  al. 2011), and 1 to 34% in dominant black 
spruce individuals (Morin et al. 2008). Our results show 

that AVI losses were more important than mortality in 
spruce species. Indeed, respective AVI reductions of 
about 49% in white spruce and 60% in black spruce of the 
average 5-year pre-defoliation annual volume increment 
were observed in unprotected stands. Although all pro-
tection scenarios were effective in stemming AVI losses, 
especially the standard and intensive scenarios, the effi-
cacy of all protection scenarios was lower in spruce spe-
cies than it was in balsam fir. It should be noted that 
black spruce exhibited a more positive response than did 
white spruce to spraying operations. A similar tendency 
was observed for SVI losses.

The difference in efficacy of protection scenario 
observed between spruce species and balsam fir may 
be due to species-specific characteristics. White spruce 
foliage exhibits faster growth, greater development, and 
more foliage per unit area compared to balsam fir foliage 
(Greenbank 1963; Wu et  al. 2020). Furthermore, white 
spruce is extremely sensitive to losses of current-year 
foliage. Even low spruce budworm defoliation intensi-
ties may increase its shoot production relative to balsam 
fir, which exhibits strong epicormic shoot development 
only after severe defoliation and bud destruction (Piene 
1998). Moreover, Wu et al. (2020) found that spruce spe-
cies respond more strongly to cumulative defoliation 
than does balsam fir. Black spruce produced 41% more 
current-year shoots than did white spruce, which in turn 
produced 38% more current-year shoots than did bal-
sam fir after 3 years of defoliation (Wu et al. 2020). Foliar 
chemistry and shoot phenological development, have 
also been identified as factors that may affect Btk efficacy 
(Carisey et al. 2004). For example, the lower Btk efficacy 
in white spruce trees in terms of larval mortality and foli-
age protection has been related to higher tannin con-
centrations in its foliage compared with that of balsam 
fir (Carisey et al. 2004). In addition, white spruce shoots 
retain their bud cap for a few weeks following bud-break, 
unlike balsam fir. Consequently, larvae that are feed-
ing upon white spruce needles may be protected by the 
bud cap when the first Btk application against spruce 
budworm is performed, which may lower Btk efficacy 
(e.g., Volney and Cerezke 1992). Black spruce bud-break 
occurs up to two weeks after balsam fir bud-break (Blais 
1957). This situation can force young larvae to mine 
old foliage, which may protect them from Btk applica-
tions. Furthermore, the current approach used in Que-
bec (standard scenario) was developed to protect balsam 
fir stands and the first application is synchronized with 
balsam fir phenology (Bauce et al. 2004; SOPFIM 2022). 
Consequently, the timing of spraying operations would 
not be appropriate for protecting spruce species in mixed 
spruce-fir stands. A recent study testing the efficacy of 
three Btk application treatments on white spruce and 
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balsam fir in mixed stands found that efficacy of all treat-
ments was low in terms of foliage protection and larval 
mortality in the former species (Fuentealba et  al. 2023). 
The three treatments tested were (1) early applications 
timed to coincide with balsam fir bud-break, (2) delayed 
application 6 days later, and (3) double applications. The 
results of this study suggest that spruce characteristics 
may be more important than timing of treatment appli-
cations in explaining the efficacy of the Btk treatments 
observed in spruce species.

Another potential benefit of biennial Btk applications is 
the reduction of the effects that spraying operations and 
outbreaks of major defoliators may have on non-target 
Lepidoptera. Several studies have reported a reduction 
in the abundance and richness of non-target Lepidoptera 
after Btk spraying operations (e.g., Miller 1990; Wagner 
et  al. 1996; Boulton et  al. 2007). Population densities of 
most non-target Lepidoptera, however, tend to return 
to the pre-spraying levels 1 to 4 years following the end 
of spraying operations (e.g., Boulton et  al. 2007). Con-
sequently, a less intense spraying scenario could reduce 
the pressure that Btk may exert on non-target Lepidop-
tera, thereby attenuating the impact of this protection 
approach on their population densities. It is also impor-
tant to consider how non-target Lepidoptera may be 
affected by outbreaks of major defoliators such as spruce 
budworm. Not protecting stands with Btk against the 
spruce budworm is also a management decision, and it 
may have important effects on Lepidoptera as impor-
tant mortality of balsam fir occurs, which lead to new 
successions, dominated by deciduous trees and shrubs. 
Preliminary results showed that Lepidoptera commu-
nities found in unprotected stands were typical of post-
harvest stands, indicating that the ecological integrity 
of mature balsam fir forest had been lost. (Hébert et  al. 
2023; Béland et al. 2024). Furthermore, this type of habi-
tat is no longer appropriate to support the woodland car-
ibou, a threatened species in Canada which avoids stands 
severely affected by the spruce budworm (Labadie et al. 
2021). To make informed decisions, forest managers thus 
need to consider the impacts of all possible management 
options and discuss them with the various stakeholders.

Efficacy of protection programs may be further influ-
enced by stand characteristics such as drainage quality, 
stand age, and species composition through their effects 
on tree vulnerability to spruce budworm (MacLean 1980, 
2016; Fuentealba et al. 2022). Given that insect outbreaks 
always have stochastic elements that may produce unu-
sually severe tree mortality regardless of stand charac-
teristics (Blais 1983b; MacLean 2016), implementation 
of effective control programs requires not only a general 
knowledge of the effects of stand characteristics on stand 
vulnerability but also the manner in which distinctive 

features at landscape and regional scale can alter its vul-
nerability. Increasing evidence confirms that landscape 
biodiversity and heterogeneity play an important role in 
the duration and spatial extent of insect outbreaks and 
in forest vulnerability to these biotic disturbances (Knee-
shaw et  al. 2021). Furthermore, climate effects should 
also be incorporated into the decision process, as adverse 
climate may affect tree growth, resulting in loss of vigor 
and greater vulnerability to spruce budworm attack (e.g., 
de Grandpré et  al. 2019). This knowledge may help to 
improve forest protection efficacy not only by allowing 
the criteria that are used to be refined when establishing 
priority areas for protection using aerial applications of 
Btk but also in effectively using silviculture tools that are 
aimed at implementing pest-resistant forest landscapes.

5 � Conclusion and recommendations
The protection approach that has been used over past 
decades in the Province of Quebec has proven to be 
effective in protecting balsam fir stands from spruce 
budworm defoliation (e.g., Bauce et  al. 2004; Fournier 
et al. 2010; Fuentealba et al. 2015, 2019; and this study). 
Yet, little information is available regarding the efficacy 
of spraying operations in reducing not only tree mor-
tality but also growth losses or whether less expensive 
and intensive protection scenarios could be employed 
to protect our forests. Our experiment, which is unique 
in terms of its spatial and temporal coverage, makes an 
important contribution to filling the gaps regarding effi-
cacy of different protection scenarios based upon aerial 
applications of Btk. Our results show that the extent of 
balsam fir wood losses is inversely related to the fre-
quency and intensity of Btk aerial spraying. Indeed, the 
standard and intensive protection scenarios provide a 
substantial level of protection by reducing defoliation, 
tree mortality, and growth reductions, but these goals 
are achieved at relatively high costs (791.59 and 1069.83 
CAD/ha for the study period) that would otherwise pre-
vent their application at large scales. As such, spraying 
Btk every 2 years is a good alternative because it reduces 
tree mortality to a level similar to the standard approach 
that is currently used in Quebec, while also diminishing 
annual volume losses. Even though this scenario is more 
effective in reducing volume growth losses in spruce spe-
cies than it is in balsam fir, this scenario reduced volume 
growth losses by half compared with unprotected units 
in the latter host species. This scenario is 45% less expen-
sive over an 11-year period than the standard scenario 
(437.55 vs 791.59 CAD/ha respectively), which may allow 
to increase the area covered by the protection program 
given the narrow window of time (4 to 5  weeks of aer-
ial spraying operations per year) and the limited avail-
ability of aircraft, helicopters, and manpower required 
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for aerial spraying. This scenario may mitigate impact 
of Btk on non-target Lepidoptera and allow maintaining 
the integrity of mature balsam fir forests for biodiversity, 
including the woodland caribou, a threatened species in 
Canada which avoids disturbed areas, including stands 
affected by the spruce budworm (Labadie et  al. 2021). 
Furthermore, protection programs could be proposed to 
protect other resources such as wildlife habitats and nat-
ural attractions which are currently not part of protection 
efforts in the Province of Quebec. Given the low levels 
of mortality observed in white spruce and black spruce 
in mixed spruce-fir forests, aerial spraying of Btk should 
concentrate further upon balsam fir, which is the most 
vulnerable host as demonstrated by its high observed 
mortality in unprotected units in both present and past 
studies (e.gBlais 1981; Fournier et  al. 2010; Fuentealba 
et al. 2022). This recommendation may not be relevant to 
mono-specific spruce plantations or to spruce-dominated 
natural stands prior to the studied scenario being tested 
in such situations where adequate timing of spraying has 
been adapted to spruce tree phenology. The low mortality 
observed in white and black spruce in stands treated with 
the different protection scenarios tested in this study sug-
gests that less intensive protection would be sufficient to 
safeguard these two species in natural balsam fir-domi-
nated boreal forest. Results from the current study dem-
onstrate that aerial spraying of Btk every 2 years against 
spruce budworm is an effective and the most cost-effi-
cient silvicultural tool for maintaining tree growth and 
overall volumes of wood for the forest industry.
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