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Abstract: Forest protection against eastern spruce budworm, Choristoneura fumiferana (Clemens),
relies on aerial applications of Bacillus thuringiensis (Btk). However, Btk prescriptions have been
developed for balsam fir (Abies balsamea (L.) Mill.) stands, generating uncertainty as to the relevance
of this protection approach on white spruce (Picea glauca (Moench) Voss). The main goal of this study
was to evaluate the efficacy of three Btk application treatments (early application, late application,
and double application) for protecting white spruce and balsam fir in mixed stands. Our results show
that all Btk treatments tested kept defoliation under the 50% threshold on balsam fir (27.7 to 38.1%
less defoliation than in controls). In contrast, differences in defoliation among treatments were not
significant for white spruce. Larval mortality was significantly lower on white spruce than on balsam
fir. The low efficacy of Btk treatments on white spruce may be explained by its shoot phenology
(most bud caps were still present during the early application), and its foliar chemistry, which could
decrease Btk efficacy. Consequently, many larvae may survive simply because Btk spores do not
reach them, or because they may consume sublethal doses. We recommend maintaining the current
strategy in mixed stands, as it provides a good protection for balsam fir. Further research is needed to
determine the causes of the low efficacy of Btk treatments on white spruce.

Keywords: spruce budworm; forest protection; spray operations; Bacillus thuringiensis; balsam fir;
white spruce

1. Introduction

White spruce (Picea glauca (Moench) Voss) is a major component of Canadian forest
ecosystems and is intensively harvested for lumber production [1]. Given its economic
value, it is one of the most widely used species in breeding and reforestation programs in
Canada, e.g., [1,2]. In Quebec, white spruce abundance began to decline during the 19th
century due to selective logging, e.g., [3]. This decline continued during the 20th century
with the rise of the pulp and paper industry, which required large volumes of wood that
were obtained by large-scale clearcutting, which favored balsam fir (Abies balsamea (L.)
Mill.). Efforts to restore white spruce are currently underway in Quebec, where about
25 million seedlings have been planted each year in balsam fir ecosystems since 2009 [4].

Eastern spruce budworm, Choristoneura fumiferana (Clemens) (Lepidoptera: Tortrici-
dae) (hereafter spruce budworm), feeds on several conifer hosts, with the damage being
most important on balsam fir, followed by white spruce, red spruce (Picea rubens Sarg.),
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and black spruce (Picea mariana (Mill.) BSP). In the past, outbreaks of this native defoliator
occurred periodically, at intervals of about 35 years [5,6], leading to a substantial decline
in vigour and increased mortality of affected trees [7]. On white spruce, defoliation by
the spruce budworm may produce growth suppression from the second year of severe
defoliation [8,9] and tree mortality after 6 to 7 consecutive years of severe defoliation [7,10].

The approach currently used to protect Canadian forests against spruce budworm
has been developed for balsam fir stands, and involves large-scale aerial spray operations
with the biological insecticide Bacillus thuringiensis ssp. kurstaki (Btk), e.g., [11,12]. In
Quebec, spraying operations aim to protect at least 50% of current-year foliage, to ensure
tree survival during outbreaks. Biological insecticide application begins after one year of
moderate to severe defoliation, and the first application is generally synchronized with the
bud break of balsam fir, which usually occurs at the peak of the third larval instar [11,12]. A
second Btk application may be needed if high larval density is expected, staminate flowers
are produced, or if the photosynthetic capacity of trees is expected to be reduced to under
38% [12]. This protection approach has usually been effective in keeping defoliation under
the 50% threshold in balsam fir stands [13-15]. However, the literature shows that the aerial
spraying operations may be less effective to protect white spruce foliage, e.g., [16-18].

Previous studies have shown that white spruce characteristics may affect the effective-
ness of Btk applications. Specifically, white spruce foliar chemistry and shoot phenological
development have been identified as factors that may decrease Btk efficacy [13]. For ex-
ample, Carisey et al. [13] reported that Btk produced lower larval mortality for spruce
budworm feeding on white spruce compared to those feeding on balsam fir foliage. This
lower Btk efficacy in white spruce trees has been related to the higher tannin concentrations
in its foliage compared with that of balsam fir [13]. However, the antagonistic effect of
tannins on Btk efficacy also seems to be affected by the concentrations of both tannins
and Btk toxin [19]. In addition, white spruce shoots retain their bud cap for a few weeks
after bud break, unlike balsam fir, whose needles break the bud cap. Consequently, larvae
feeding on white spruce may be protected by the bud cap when the first Btk application is
done against the spruce budworm, and this may lower Btk efficacy, e.g., [20] as shown in
Carisey et al. [13]. Moreover, a feeding inhibition of 3-5 days has been reported on balsam
fir after Btk spray [21], but how long it lasts on white spruce is unknown. It is therefore
necessary to evaluate the efficacy of Btk treatment on white spruce, and to study the factors
that may affect its efficacy, to determine the relevance of the current strategy, especially in
terms of the timing of the treatment application, given the differences in shoot phenology
and larval development between balsam fir and white spruce, to optimize the protection of
white spruce in mixed forests and plantations. To do this, we developed a novel method
which included all treatments in one experimental site, by using sleeve cages as barriers
to protect branches from Btk deposit. In this way, we overcame problems such as high
heterogeneity among sites and trees, and variation in environmental conditions during
Btk spray application. The main goal of this study was to evaluate the efficacy of three
Btk application treatments (early application, late application, and double application) on
larval mortality and final defoliation on white spruce and balsam fir in mixed stands. We
also evaluated the impact that host tree foliage characteristics may have on the acquisition
of a lethal dose by assessing the proportion of larvae exhibiting feeding inhibition and the
time to resume feeding, to properly synchronize the timing of the second application of Btk
in white spruce-balsam fir mixed forests.

2. Materials and Methods
2.1. Site Description

Results from the 2017 fall L, survey, carried out in preparation of the 2018 protection
program, were used to select potential sites that met the double-Btk application criteria
(>40 L, per 45 cm branch tip) in white spruce. This survey involved cutting branches at
the mid-crown level of six randomly selected trees, and extracting overwintering larvae
using the method described by Miller et al. [22]. The experimental site retained was
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easily accessible and located in a 35-year-old mixed balsam fir-white spruce stand that
covered 43 ha within the limits of Causapscal in the Bas-Saint-Laurent region, Quebec,
Canada (48°35'30"” N 66°56'30” W) (Figure 1). A second L, survey was carried out in the
experimental site in spring 2018, in order to make sure that the experimental site met the
criteria for a double application of Btk (>40 L, per 45 cm branch tip) in white spruce. When
L, emergence was forced using Sanders’ technique [23], population estimates were around
50% (i.e., 20 L, per branch) of the threshold required for double application of Btk. To ensure
populations met or exceeded the double application criteria, 40 third instar larvae (L3) were
collected from surrounding trees one day prior to placement on each experimental branch.
Larval species were confirmed as spruce budworm prior to placement.
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Figure 1. Location of the experimental site, and diagram of the experimental design. The plots
containing the selected trees are located under the flight lines.

2.2. Experimental Design

Two factors were tested: (i) Btk treatments (unsprayed, early application (16 June
2018), late application (22 June 2018), and double application (16 and 22 June 2018)), and
(ii) host tree species (balsam fir and white spruce). Twenty balsam fir and twenty white
spruce codominant trees were randomly selected along transects perpendicular to each
of four flight lines of the aircraft applying Btk formulations in the selected site (Figure 1),
yielding five trees of each species per flight line. To avoid spatial autocorrelation, trees
selected along a given transect were at least 40 m apart [24]. Four branches were selected in
the mid-crown of each tree. Branches were then covered with two-layer sleeve cages or
barriers to prevent Btk deposition on needles. Then, branches of each tree covered with
sleeve cages were randomly assigned to one of the four Btk treatments (unsprayed, early
application, late application, and double application). Prior to the first Btk application,
sleeve cages were removed from branches assigned to the early and double application
treatments, and reinstalled a few hours after spraying. Then, prior to the second Btk
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application, sleeve cages were removed from branches assigned to the late and double
application scenarios, and reinstalled a few hours after spraying. For branches assigned
to the unsprayed treatment, sleeve cages remained in place for the entire duration of the
experiment.

2.3. Btk Formulation and Aerial Spraying

Foray 76B, a Btk strain HD-1 commercial formulation at nominal potency of 20.0 billion
international units per litre (BIU/L) (Abbott Laboratories, Chicago, IL, USA; on behalf of
Valent BioSciences Corporation, Libertyville, IL, USA) was applied to the experimental
area. The aircraft C-GMTG Air tractor 504™ was equipped with six Micronair™ atomizers
(Micronair Sprayers Ltd., Bromyard, UK). Micronair™ atomizers, spinning at 8000 rpm,
were located within 75% of the total wingspan. The aircraft was flying at a speed varying
between 227 and 231 km/h, with 80 m spray widths. Aerial sprays were done in the early
morning under good weather conditions (no rain and 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. The
timing of Btk applications was based on balsam fir bud development, following the scheme
of Auger [25]. The first application of Btk targets balsam fir bud break, when all needles are
visible but not flaring. In our field experiment, the first Btk application was done on 16 June
2018, after the peak of the third instar (L3) larvae of the spruce budworm (development
index of 3.5 on balsam fir and 3.7 on white spruce), whereas the second application was
done 6 days later, when budworm larvae were near the peak of the fourth instar (Ly)
(development index of 3.9 on balsam fir and 4.2 on white spruce).

2.4. Spray Deposit

Spray deposit on host foliage was assessed by collecting two current-year shoots from
unprotected branches of each tree after the second Btk application, as well as from branches
previously covered by one- or two-layer sleeve cages placed on additional branches of each
tree used in the field experiment. Quantitative assessment of the Btk deposit on foliage
was determined using a microplate redox assay technique. This technique was described
by van Frankenhuyzen et al. [21] and Seligy and Rancourt [26] and consists of spiking
microplate wells with known-volume aliquots, derived from washes of each individual
shoot samples. Quantification relies on a differential bioreduction in XTT dye, which is
directly correlated with Btk levels (enzyme activity of vegetative cells germinating from
spores under controlled incubation conditions of the assay), in reference to calibration
curves derived from serial dilution of the formulation applied in each trial. The assay
technique is highly sensitive, capable of detecting a single Btk spore, and is considered a
significant improvement in quantification of Btk [21]. Btk deposition was expressed as the
average number of spores deposited per gram of dry weight foliage.

2.5. Evaluation of Treatment Efficacy

The 45 cm tip of each branch used in the field experiment was collected from each
of the 20 balsam firs and 20 white spruces when 85% of the larvae had reached the pupal
stage. Spruce budworm pupae and remaining larvae were counted in the laboratory, and
defoliation was estimated on current-year shoots using the Fettes grid [27,28]. Budworm
density on branches always covered by two-layer sleeve cages (unsprayed scenario) was
used as the control to estimate mortality from Btk spray scenarios on each tree, using this
equation:

Mortality (%) = (DenSitYunSprayed scenario — DeNsityp spray scenario)/ DenSitYunsprayed scenario X 100

Densityunsprayed scenario = Density on branches that did not receive Btk (always covered
with two-layer sleeve cages; unsprayed scenario).

Densitypik spray scenario = Density on branches that received Btk, according to one of the
three scenarios.
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2.6. Feeding Inhibition

The proportion of larvae that exhibited feeding inhibition resulting from the ingestion
of sub-lethal doses of Btk, and the time to resume feeding, was assessed for 135 larvae
collected on each host tree one day before the first Btk application, and the same number
one day after the first Btk application, yielding 540 larvae. Larvae were brought back to
the laboratory and placed individually in 1 oz Solo cups half-filled with artificial diet [29]
in a rearing room (23 °C, 60% RH, 16L:8D photoperiod). Feeding behaviour of individual
larvae was monitored daily for six days, in order to detect signs of feeding resumption (i.e.,
frass production). The day larvae resumed feeding was recorded.

2.7. Statistical Analysis

All analysis were performed using R version 4.0.2 (R Core Team 2020). All models
were fitted using the “Ime4” package [30]. We first evaluated the significance of the random
effect using a likelihood ratio test [31]. If the random effect was not significant, a linear
model was fitted instead, using the functions Im or glm. We compared spray deposit among
barrier (sleeve cage) treatments using linear mixed models (LMM). Prior to model fitting,
spray deposition data were normalized using the “bestNormalize” package [32], which
automatically evaluates, chooses, and applies the best procedure to normalize data. The
Imer procedure was used to fit a model with a barrier treatment (no sleeve cage vs. one
sleeve cage vs. two sleeve cages per branch) and host species (balsam fir vs. white spruce)
as fixed effects, and trees nested within flight line as random effect to consider spatial
heterogeneity and unmeasured sources of variation at the tree level. Tukey—Kramer tests
from the multcomp package [33] were used to contrast barrier treatments and host trees.

To test for an effect of Btk spray scenario (control vs. early application vs. late
application vs. double application) and host species on defoliation, we fitted a linear mixed
model (LMM). Host species, Btk treatments, and their interactions were considered fixed
effects, and trees nested within flight line were included as random effects.

We compared larval mortality among treatments using generalized linear models
(GLM) that accounted for binomial distributions. The glm procedure was used to fit a model
with Btk treatment and host species and their interaction as fixed effects, assuming binomial
distribution. Differences between the levels of significant fixed effects were verified using
pairwise comparisons, with Tukey’s correction on the marginal means estimated by the
models using the “emmeans” package [34].

To analyse the effect of Btk treatment (control vs. early application) and host species on
larval feeding resumption in the feeding inhibition experiment, we produced Kaplan—Meier
curves for each treatment combination, and compared them using a log-rank test (p < 0.05)
in the “survival” package [35].

3. Results

Our results showed that sleeve cages were efficient in preventing the deposition of
Btk spores on needles, a significant difference existing when a barrier treatment is used
(Table 1). However, adding a second layer to the sleeve cages does not significantly reduce
the deposition of Btk spores. Nevertheless, compared to the control (no sleeve cage), the
two- and one-layer sleeve cage treatments reduced the amount of Btk spores per gram of
foliage dry weight by 96.1% and 84.9% on balsam fir, and by 98.3% and 83.3% on white
spruce (Table 2). Host species, and interaction between host species and barrier treatment,
were not statistically different (Table 1).

A significant interaction between host species and Btk spray treatments was detected
for defoliation (Table 3), indicating that the response to the Btk spray treatments differed
between the two coniferous species (Figure 2). The double-application treatment of Btk
reduced defoliation significantly on balsam fir, but not on white spruce (Figure 2). Similarly,
early and late applications significantly reduced the defoliation of balsam fir (27.7% and
29.1%, respectively) compared to control, but no significant difference was noticed on white
spruce (Figure 2).
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Table 1. Influence of host tree species (balsam fir and white spruce) and barrier treatments (0 vs. 1 vs.
2 sleeve cages on branches) on Btk spray deposition.

Source of Variation 3 df p

Host species 3.3674 1,32 0.0758
Barriers 89.7145 2,118 <0.0001
Host species x Barriers 0.8331 2,118 0.7210

Bold values indicate significance at the 5% level.

Table 2. Spray deposition (spores/g dry weight) on current-year shoots of balsam fir and white
spruce protected by 0, 1 or 2 sleeve cages (LSMEANS =+ SEM).

Treatment Balsam Fir White Spruce
Control 16,417 + 1887 P 12,705 + 1887 P
One sleeve cage 2471 + 34442 2119 + 3189 2
Two sleeve cages 641 £ 28122 218 4 2668 2

Values followed by the same letter do not differ significantly at p < 0.05 according to Tukey—Kramer multiple
range test. Bold values indicate significance at the 5% level.

Table 3. Influence of host tree species (balsam fir and white spruce) and Btk spray treatments
(unsprayed, early application, late application, and double application) on tree defoliation.

Source of Variation F df p

Host species 11.3256 1,35 0.0018
Btk application 23.2698 3,114 <0.0001
Host trees x Btk application 4.0876 3,114 0.0084

Bold values indicate significance at the 5% level.
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Figure 2. Final defoliation tabulated by Btk treatment and host species (Ismeans = SEM).

Larval mortality was significantly lower on white spruce than on balsam fir, and on
branches that received the early application treatment, compared to the late and double
application treatments (Table 4; Figure 3). There was no interaction between the two factors
(Table 4).
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Table 4. Influence of host tree species (balsam fir and white spruce) and Btk spray scenarios (early
application, late application, and double application) on spruce budworm larval mortality *.

Source of Variation 3 df p

Host species 6.412 1,118 0.0126
Btk application 3.357 2,116 0.0382
Host species x Btk application 0.107 2,114 0.8980

* Budworm density on branches always covered by two-layer sleeve cages (unsprayed scenario) was used as
the control to estimate mortality from Btk spray scenarios on each tree. Bold values indicate significance at the
5% level.

70 - B Balsam fir m White spruce

60 -
50 -
40 -
30 -

20 +

Larval mortality (%)

10 A

Early application Late application Double application

Btk treatment

Figure 3. Mortality of spruce budworm larvae (LSMEANS =+ SEM) exposed to three different field
applied Btk treatments.

Kaplan—-Meier curves comparing the cumulative feeding resumption rates on each
tree species and Btk treatment (control vs. one application) were significantly different
(log-rank =135, df = 3, p < 0.0001). They showed that over 50% of larvae from untreated
trees of both species resumed feeding by the second day, and at least 80% of larvae from
both hosts had resumed feeding by the end of the experiment (day 6). In fact, the feeding
resumption rate on control trees was always slower on white spruce than on balsam fir,
but it followed the same trend on both tree species (Figure 4). In contrast, the feeding
resumption rate was similar for larvae collected on sprayed balsam fir and white spruce
for the first three days (Figure 4). Then, the feeding resumption rate increased slower for
larvae collected on sprayed balsam fir than on sprayed white spruce, reaching 53% by the
fifth day and 58% by the end of the experiment on balsam fir, compared to 68% and 72% on
white spruce (Figure 4).
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Figure 4. Cumulative feeding resumption rate tabulated by Btk treatment (control vs. one application)
and host species.

4. Discussion

This study showed that sleeve cages protect balsam fir and white spruce branches
from Btk deposit, allowing comparison of the effect of various Btk treatments at the tree
level within a single stand. In the past, such study required numerous replicated stands,
e.g., [11,13,36], which added several sources of variation related to stand location and
characteristics (e.g., topography, tree density, stand composition). This affects local climatic
conditions and, thus, insect larval development. Aerial application of Btk needs favourable
meteorological conditions (low wind, no rain, low UV), which only occur for a few hours
a day, usually early in the morning and in the evening [12]. It is almost impossible to
standardise conditions for an aerial application of Btk in numerous stands. When a double
application is tested, it increases this variability. Even if differences were not significant, we
recommend using double-layer sleeve cages, as it reduces Btk spore density by 96%-98%,
compared to 83%-85% for single-layer sleeve cages.

This field study showed that aerial application of Btk was more effective in reducing
balsam fir defoliation than white spruce. Indeed, all Btk treatments tested kept defoliation
under the 50% threshold on balsam fir and produced reductions ranging between 27.7
and 38.1% of defoliation compared with control. These results are in agreement with
the literature, e.g., [11-15] and confirm that the approach currently used in the province
of Quebec provides good protection to balsam fir stands. In contrast, only the late and
double application treatments achieved the foliage protection objective on white spruce,
but their effectiveness in reducing defoliation (4.7 and 8.1% less defoliation than in controls,
respectively) was either nonsignificant or lower than reported in previous studies, which
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ranged from 14 to 65% [13-18]. In fact, the literature indicates that the efficacy of Btk aerial
applications against the spruce budworm is much more variable on white spruce than on
balsam fir. We observed that most bud caps were still present on white spruce current-year
shoots during the early application, and this could explain, at least in part, this inefficacy of
the early application of Btk on white spruce. As a result, many larvae may survive simply
because Btk spores do not reach them, or because they may consume sublethal doses. This
hypothesis is supported by results of the feeding inhibition experiment in which larvae
resumed feeding more rapidly on white spruce than on balsam fir. Moreover, larvae feeding
on Btk-treated foliage not only resumed feeding faster on white spruce than they did on
balsam fir (50% resumed feeding on white spruce after 4 days vs. 5 days on balsam fir),
but more larvae were feeding normally at the end of the experiment (around 15% more
larvae) than larvae collected on Btk-treated balsam fir foliage. These results suggest that
larvae feeding on white spruce were more likely to consume a sublethal dose of Btk than
those feeding on balsam fir. A higher survival means that residual larval populations may
eat greater foliage biomass on white spruce than on balsam fir. Spray deposition on white
spruce should be further investigated to determine if it can influence the effectiveness of
Btk against spruce budworm.

Foliar chemistry may also play an important role in the efficacy of Btk formulations in
white spruce. In fact, white spruce phenology and foliar chemistry could explain, at least
in part, differences in foliage protection between balsam fir and white spruce. Tannins may
reduce Btk efficacy against lepidopterous insects by decreasing the toxicity of Btk [37-40].
For example, tannins have been reported to have a negative impact on Btk toxicity in the
case of Lymantria dispar (L.) [37,38], Pieris brassicae (L.) [39], and Heliothis virescens [40]. As for
spruce budworm, Bauce et al. [19] found that at high Btk concentrations, tannin antagonized
Btk potency against spruce budworms, and lowered Btk-related spruce budworm larval
mortality from 83 to 43%. This effect may be related to the protein precipitating ability of
tannins [41], which may have led to inactivation of the Btk proteinaceous toxin. The lower
Btk efficacy in white spruce trees observed in our study may therefore be related to the
higher tannin concentrations in foliage compared with that of balsam fir, e.g., [13].

5. Conclusions

Our results show that the current Btk aerial spray prescriptions used in the province
of Quebec are efficient in terms of protecting foliage of balsam fir against spruce budworm.
However, the efficacy of aerial spraying operations is reduced when applied to white
spruce. This phenomenon could simply reflect the fact that these protection strategies were
developed to protect balsam fir, e.g., [11]. As a result, the dosage or timing of insecticide
applications might not have been optimal to protect white spruce trees. Nevertheless,
results from this trial suggest that white spruce characteristics, such as foliar chemistry
and phenology, may be more important to explain the low efficacy of the Btk treatments
observed. As a result, we recommend maintaining the current strategy in mixed stands, as
it provides a good control of budworm populations on balsam fir, a highly vulnerable tree
species. In turn, the early and late applications provided similar results, which suggest that
the time window for a single application of Btk at the stand level is greater than one week.
However, if two applications are needed, it is recommended to target balsam fir bud burst
for the first application. For white spruce, further research is needed under different field
conditions to confirm the low efficacy of Btk in reducing defoliation observed in this study,
to assess the importance of the bud cap as a protective shelter for spruce budworm larvae,
and to determine when it falls off. Finally, the impact of spray droplet size and droplet
density on efficacy of Btk in white spruce should be studied to determine if the operational
spray deposit obtained under current application prescriptions delivers a lethal dose, and
the proportion of needles that receive a lethal spray deposit in this host species. Finally, we
think that the approach developed in this study may be very useful to design efficacy trials
in the future, because it allows inclusion of several treatments in the same experimental
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site. This, in turn, may help to overcome several logistical, operational and experimental
challenges that often affect this type of trial.
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