
Page 1/23

Bottom-up and top-down forces regulate spruce
budworm biological performance on white spruce
regeneration
Sabina Noor 

Concordia University https://orcid.org/0000-0001-7313-2897
Zahra Gozalzadeh 

UQAT: Universite du Quebec en Abitibi-Temiscamingue
Allison Pamela Yataco 

Concordia University
Miguel Montoro Girona 

UQAT: Universite du Quebec en Abitibi-Temiscamingue
Emma Despland 

Concordia University

Research Article

Keywords: bottom-up, defoliation, plantation, spruce budworm, top-down, understory, white spruce

Posted Date: January 9th, 2025

DOI: https://doi.org/10.21203/rs.3.rs-5656061/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-5656061/v1
https://doi.org/10.21203/rs.3.rs-5656061/v1
https://orcid.org/0000-0001-7313-2897
https://doi.org/10.21203/rs.3.rs-5656061/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/23

Abstract
Young plantation trees are often highly vulnerable to insect herbivory in ways that are difficult to predict
as underlying mechanisms linked to plant traits and natural enemy pressure interact in context-
dependent ways. We compared bottom-up and top-down forces acting on spruce budworm
(Choristoneura fumiferana) on young white spruce (Picea glauca) trees in plantations vs in natural
regeneration under hardwood canopy. Recognized as the most important outbreaking conifers defoliator
in Eastern Canada, we aim to better understand how its herbivory on young trees can affect post-
outbreak forest succession. We conducted a 4-year field survey in Northwestern Québec, Canada, to
compare plant phenology, budworm density, defoliation rates, predator populations, and parasitism
between two habitats. We also designed manipulative experiments with sentinel larvae to assess
bottom-up and top-down forces in these habitats. The field survey showed earlier budburst phenology in
plantation trees, which improves synchronization with a model (BioSIM) predicted timing of budworm
emergence from diapause. The field survey showed higher budworm density and lower larval parasitism
in plantations, but no significant difference in current-year growth defoliation during the initial outbreak
phase. The bottom-up experiment showed slightly better budworm biological performance, indicated by
higher pupal mass, in plantations. The top-down experiment showed greater predator and parasitoid
pressure in the understory. Together, our results show how mechanisms controlling insect defoliator
populations are context-dependent. In plantations both bottom-up and top-down forces on the spruce
budworm are relaxed in these open habitats, leading to better biological performance and higher
population density of this forest pest.

Introduction
The relationship between an herbivorous insect and its host plant depends on surrounding plant
community composition (Agrawal et al 2006). Indeed, habitat, can influence both bottom-up (plant trait-
based) and top-down (from natural enemies) forces acting on insect herbivores (Moreau et al., 2006,
2018; Vidal & Murphy, 2018) and modulate the damage they cause to plants. A case in point are forestry
plantations: these provide conditions to maximize tree growth, conditions which tend to also be
favourable to insect herbivores. Thus, trees in plantations are often more vulnerable to pest insects than
those in natural forest understory regeneration (Jactel and Brockerhoff 2007; Comeau et al. 2009;
Fischbein and Corley 2022), threatening regeneration success. We test the hypothesis that conditions in
plantations alter bottom-up and top-down pressures on an outbreaking forest pest, the Eastern spruce
budworm (Choristoneura fumiferana) to increase damage to young planted white spruce (Picea glauca).
Findings will provide insights into how to best manage insect pests in a world where forests are
increasingly in decline, and plantations contribute substantially to regeneration (Girona et al, 2023).

Higher vulnerability to pest insects can arise in several ways from various characteristics of tree
plantations. The first involves direct effects of abiotic factors: the open conditions in plantations imply
higher temperatures resulting in faster insect growth and development. Second, indirect effects through
trophic relationships also influence pest-insect dynamics in different habitats (Moreau et al. 2006, 2018)
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and both bottom-up pressures from plant defenses and top-down pressures from natural enemies can
be predicted to decrease in plantations as described. Bottom-up pressures on insect herbivores are
limited by a trade-off between plant growth and defense: fast-growing trees in open conditions tend to
show lower resistance to insect damage, as their foliage exhibits higher nutrient content and lower
chemical defenses (Züst and Agrawal 2017). Top-down pressures from natural enemies exerting
biocontrol on insect herbivores have also been observed to be lower in open environments (Rodríguez et
al. 2019; Staab and Schuldt 2020; Stemmelen et al. 2022). This study examines the degree to which each
of these pressures explains patterns of spruce budworm damage in natural or planted regeneration in
the eastern boreal forest of Canada.

The spruce budworm is the most important defoliator in eastern North America (Aakala et al. 2023). A
spruce budworm outbreak has been ongoing in Québec since 2006, with up to 10 million ha defoliated
annually. Processes underlying outbreak extent, severity, and dynamics are complex and, despite
abundant research, remain poorly understood; however, it is clear that both bottom-up and top-down
forces are involved (Pureswaran et al. 2016; Royama et al. 2017; Bouchard et al. 2018; Regniere et al.
2019; Girona et al. 2023). The spruce budworm is an early spring feeder on coniferous trees; preferred
hosts are balsam fir (Abies balsamea ((L.) Mill.)), and white spruce. Larvae emerge from diapause in
spring and burrow into a developing bud to feed on expanding foliage. Phenological synchronization
between host tree budburst and larval emergence is critical to budworm performance (Fuentealba et al.
2017; Bellemin-Noël et al. 2021): larvae that emerge too early for buds to be available either mine into
less nutritious old needles or disperse by ballooning. Larvae established in a bud tend to stay in place,
feeding on the developing shoot. They pupate after 6 larval instars, then give rise to adults which lay
eggs to start the cycle anew.

At the stand level, plant community composition modulates budworm population density, and while
these variations might not affect outbreak progress, they have important effects on local defoliation and
hence tree mortality risk. Previous work shows that damage suffered by individual trees depends on the
species of surrounding trees (Bognounou et al. 2017; Debaly et al. 2022): defoliation is higher in forests
dominated by the preferred host plant balsam fir, and decreases with content of secondary black spruce
(Picea mariana ((Mill.) Britton, Sterns & Poggenburg)) hosts or non-host hardwoods (Sainte-Marie et al.
2015; Subedi et al. 2023). We build on this work to examine defoliation on saplings and test whether it
depends on understory vs plantation habitat.

Indeed, while spruce budworm mostly feed on mature trees, at high population densities, understory
saplings are also attacked (Nealis and Régnière 2004; Navarro et al. 2018). Defoliation of saplings can
critically impact forest regeneration after the outbreak crashes. Spruce budworm outbreaks last for
many years, during which seed production by stressed defoliated trees is reduced (Cotton-Gagnon et al.
2018). Multiple years of defoliation lead to mortality of mature trees, at the scale of hundreds of square
km during severe outbreaks, and stand regeneration generally depends on the release of pre-established
understory saplings (Cotton-Gagnon et al. 2018). Understanding the conditions under which young trees
suffer budworm defoliation can be essential to predicting resilience to outbreaks.
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Earlier observers reported that a mature hardwood canopy appeared to protect regeneration from
defoliation relative to saplings in open areas (Craighead 1925). More recent work has shown that
defoliation on understory saplings is higher under canopy of host conifers than non-host hardwoods (Nie
et al. 2018) and higher under-preferred than secondary conifer hosts (Cotton-Gagnon et al., 2018; Lavoie
et al., 2021). Defoliation on saplings is higher in clearcuts than in undisturbed understory (Lavoie et al.
2019) or in strip cuts (Lavoie et al., 2021).

The host plant we focus on in this study is white spruce, a keystone species in Canada’s boreal forest,
one of the most frequently planted species in reforestation efforts, and one of the spruce budworm’s
main hosts. It is a secondary succession species that often grows under faster-growing hardwood
stands regenerating post-fire or other disturbance. We predict that the open environment of plantations,
while accelerating white spruce growth relative to understory regeneration, also promotes spruce
budworm survival and performance.

Previous work suggests contrasting effects in terms of bottom-up pressures from sun-exposed white
spruce leaves: these show higher nutritional value and lower chemical defenses (Carisey and Bauce
1997; Ranade et al. 2022), but are tougher and therefore are expected to be more resistant to feeding
initiation by young larvae (Lirette and Despland 2021). Sun-exposed white spruce trees are also expected
to show earlier budburst phenology (Cartenì et al. 2023), which influences the establishment success of
young spruce budworm larvae emerging from diapause in the spring (Fuentealba et al. 2017, 2018). In
addition, top-down pressures from parasitoids and predators play an important role in regulating
budworm population cycles (Pureswaran et al. 2016; Royama et al. 2017) but have only recently been
related to stand composition: what data exists suggests that they could be lower in open environments
(Marrec et al. 2018; Legault and James 2018). This study combines a four-year field survey with
manipulative experiments to disentangle the relative roles of bottom-up and top-down forces acting on
the spruce budworm on white spruce saplings in open vs understory conditions.

Methods

Study Sites
Fieldwork was done between 2020 and 2023 in the Lac Duparquet Research and Education Forest
(FERLD) in Western Quebec (48°00'0.00" N -76°00'0.00" W), where the spruce budworm outbreak was
still in the early stages with rising populations but before severe defoliation damage or tree mortality
(Ministère des Ressources naturelles et des Forêts Direction de la protection des forêts 2023). Within the
experimental forest, we selected 10 study sites in conifer plantations and in mature aspen stands with
white spruce understory regeneration.

The plantations were small stands of 2–3 m tall mixed conifers established following clear-cuts in
2006–2010, situated within a boreal mixed-wood forest matrix. Plantations are managed according to an
ecosystem-based management approach (Ministère des Ressources naturelles et de la Faune 2008;
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Gauthier et al. 2023), involving brush-cutting done once 7 years after planting, but very little other
intervention. The forest sites consist of natural post-fire regeneration and are dominated by 70-year-old
trembling aspen (Populus tremuloides (Michx)) with an understory of secondary succession conifers,
including balsam fir, white and black spruce (Harvey and Leduc 1999). Each of the 10 sites per habitat
was 100 to 2500 m away from the nearest neighboring site. Within each site, 10 young white spruce
trees, 2-3.5 meters tall, were selected at least 5 m apart. In 2020 and 2021 we surveyed 10 sites (x 10
trees per site), in 2022, 5 sites (x 5 trees per site) and in 2023, we planned to sample 8 sites (x 8 trees
per site), but due to forest fires we could only conclude sampling on one site (x 8 trees) in each habitat.

Field Survey Overview
From 2020 to 2023, we conducted comprehensive field surveys to assess tree and stand characteristics
representing bottom-up pressures and to monitor spruce budworm (SBW) population density, predation,
and parasitism pressure. In 2020, fieldwork was delayed by the COVID-19 pandemic and was conducted
between July 12th and August 3rd. In 2021–2023, the BioSIM phenological model (Régnière & Saint-
Amant, 2013) was used to predict budworm emergence from diapause and to schedule fieldwork to
coincide with spruce budburst and with maximum spruce budworm activity. Differences between
environmental factors such as soil and air temperature and humidity were evaluated in a previous study
by Yataco et al. (2024) and were not included in this study.

Tree and stand attributes

We measured several stand and tree characteristics, including canopy closure, shoot elongation, foliage
toughness, and bud phenology as follows

a) Canopy closure at each study tree (N = 100 in each habitat) was evaluated with a densiometer (model
C: manufactured by Forest Densiometers, Rapid City, USA) to confirm the expected difference in sun
exposure between forest and plantation trees (done in 2020 only).
b) On each tree, shoot elongation was measured on a mid-crown branch 1.5 m (southeast oriented) from
the ground for 2017–2020 to confirm the expected higher growth rate of plantation saplings.
c) The toughness of mature foliage was assessed on 10 current-year needles on a subset of 4 trees per
site in 2020 and 2021, and 5 trees per site in 2022, using a penetrometer following Lirette and Despland
(2021).
d) We assessed bud phenology according to the scale of (Dorais and Kettela 1982; Dhont et al. 2010)
(Table S1; supplementary file). Buds become available to the budworm for feeding at stage 2 (Desbiens,
2006). We assessed budburst phenology on one apical and two lateral shoots on each of 10 mid-crown
branches per tree, pooling these 30 buds to obtain one value per tree. In 2021, each of the 10 studied
trees per site was observed 2–4 times between May 10 and June 17. In 2022, we measured bud
phenology on a subset of 5 trees per site across 5 sites per habitat, from May 28 to June 1. In 2023, we
conducted measurements on May 25, using 129 trees across 8 sites per habitat.
e) Defoliation of shoots from the current year was assessed as an effect of spruce budworm feeding in
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August 2020 and 2021 (along with other insect herbivory patterns were quantified in a previous study by
Yataco et al. (2024)). Fettes method (Sanders, 1980), which involves visually estimating the proportion
of needles missing according to predetermined classes (from 0 = 0% defoliation, all needles intact to 12 
= 100 + % defoliation, no needles remaining) was used.

Spruce Budworm Density, Predation, and Parasitism Pressure: Budworm abundance sampling in 2020
had to be adapted due to delays caused by the COVID-19 pandemic. A 40 cm branch was collected in the
field in July and brought it back to the lab to count all budworm larvae. This method was abandoned in
subsequent years for two reasons: (a) the young trees were too small for repeated branch collection and
b) this method proved ineffective for collecting predators.

In 2021, the abundance of spruce budworm larvae and their predators was observed in the field, using
hand-collecting on mid-crown branches for 5 min, between June 4–15. This sampling was timed using
the phenological model BioSIM (Régnière & Saint-Amant, 2013) in order to coincide with the 4th -5th
instar of local spruce budworm populations. Predators were assigned to coarse taxonomic categories
(spiders, ants, carabids) and released.

Similar techniques were used in 2022 to measure budworm and predator abundance from 1–3 June
(following BioSIM predictions). We hand-collected as in the previous year and added beat-sheeting for 30
strokes over 1 minute. While hand-collecting was more efficient for collecting spruce budworms from the
entire tree and generally yielded higher abundance, beat-sheeting (conducted on one branch of 75 cm to
1 m) was effective for collecting both predators and spruce budworms. Although we did not directly
compare abundance values between the two techniques, the combined methods aimed to enhance the
comprehensiveness of our data collection.

In 2023, we used the same methods as in 2022 and sampled budworm and predator abundance from
only one understory and one plantation site (8 trees per site) before access to field sites was interrupted
by forest fires.

The spruce budworm larvae collected in 2021, 2022, and 2023 were reared in the lab (individually) until
fall to estimate parasitism rates.

Bottom-up Experiment
A manipulative experiment was conducted in order to measure differences in bottom-up pressures
linked to plant traits by rearing spruce budworm larvae in cages on young spruce trees in the two
habitats in the absence of natural enemies.

Diapausing second instar larvae were obtained from the Great Lakes Forestry Centre Insect Production
Services (Roe et al. 2018). To break diapause, insects were held at room temperature in petri dishes on
agar for 24 h in order to ensure adequate hydration. At the end of this period, 15 moving larvae were
chosen haphazardly and placed in sleeve cages (40 x 24 cm) on young spruce trees in the two habitats
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until pupation. We ensured that any wild spruce budworm larvae were not hiding in the buds of the
branches where the cages were installed before the initiation of each bottom-up experiment. Cages were
installed 1.5 m above the ground on branches that included at least 30 buds in order to ensure adequate
nutrition for larvae to complete development. In 2021, cages were placed on 4–7 trees in each of 2
forest and 2 plantation stands on June 2nd (N = 23 cages) and brought back to the lab on June 21st.
Almost all of the larvae either pupated in the cages or were in the process of pupation. They were then
transferred to individual rearing containers in the lab, and pupal mass was recorded. The experiment was
repeated in 2022, placing cages on 5 trees in each of 5 stands of each type on June 2nd and removing
them on June 28th. Insects in the cages were counted to measure survival rate; pupae were sexed and
weighed, and pupal mass was compared as an index of performance.

Top-down Experiment
A second manipulative experiment was conducted to compare predation and parasitism rates in
understory vs plantation habitats. Spruce budworm larvae were taken out of diapause as above and
reared in the laboratory until use in experiments in the fifth instar. These larvae were fed fresh field-
collected white spruce foliage with buds between bud development stage 2–6. Larvae were placed on
white spruce trees in both habitats on branches 1.5 m above ground and beat-sheeting was performed
before the deployment of the larvae to ensure removal of any wild budworm larvae. Branches were
marked with orange flagging tape to facilitate recovery. Larvae were recovered after 72 h and the number
of survivors was counted in order to estimate predation rate: larvae that disappeared were assumed to
have been consumed by predators. Surviving larvae were brought back to the lab and reared to adults in
order to evaluate the parasitism rate.

In 2021, two different methods were tried: in the first, larvae were placed without any protection on tree
branches (1 site per habitat), and in the second a tanglefoot barrier was used to impede walking/non-
volant predators (2 sites per habitat). In each site, 6 larvae were placed on each of 6–8 trees on June
3rd-10th. The unprotected larvae suffered very high mortality rates (ca 80%) such that only the
Tanglefoot method was used in the following year. In 2022, the experiment was conducted twice: on
June 6th, six larvae were placed on 5 trees in each of 5 forest and 5 plantation sites (total of 300 larvae
on 50 trees); on June 28th, six larvae were placed on two trees in each of 4 sites per habitat (total of 96
larvae on 16 trees).

Analysis
All analysis was performed in RStudio (v. 4.3.1) (R Core Team 2023). The data were organized and
summarized using the “dplyr” package (Wickham et al. 2023). Generalized linear model approaches were
used to compare values between forest and plantation habitats, using the appropriate link function
depending on data distribution. Site was included as a random factor in mixed models, using the glmer
and lmer functions from the “lme4” package (Bates et al. 2015). For simpler approach, we used the glm
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and lm functions from the “stats” package (R Core Team 2023). When warranted by differences in
sampling timing or technique, data for different years were analyzed separately.

We developed individual models for all our response variables and detailed descriptions of these models
are assembled in a supplementary file (Table S2). Canopy closure was recorded as a percentage and
analyzed with beta regression (betareg package, (Cribari-Neto and Zeileis 2010) in the “glmmTMB”
package (Brooks et al. 2024) for linear mixed-effect models, with site as a random effect and habitat as
the only fixed effect. Shoot elongation was averaged for 2017–2020 and analyzed with a mixed model
with habitat * year as fixed effects. For needle toughness, the same trees were not measured each year
and a mixed model was not appropriate. Instead, we used a linear model to assess the effects of year
and habitat on toughness.

We missed the 2020 bud phenology dates due to COVID-19 restrictions. In 2021 phenology was recorded
repeatedly on the same trees and. Julian date (JD) was included in the model as a fixed effect. Budworm
emergence from diapause in the region was predicted with the BioSIM phenological model (Régnière et
al. 2014) and related to the timing of tree budburst in order to evaluate herbivore-host phenological
synchrony, an important predictor of spruce budworm performance (Fuentealba et al. 2017). For 2022–
2023, a simple linear model was used to compare phenology between habitats for each year.

Percent defoliation was analyzed with beta regression. Each sampled branch's defoliation was converted
to the midpoint of predetermined defoliation classes to calculate a mean value per site, habitat, and year.
Mean defoliation per site was then used as the response variable in the model following Nie et al. (2018),
with habitat and year included as fixed factors.

For each year, the abundance of budworm larvae and predators observed per tree was compared
between habitats using a generalized linear model (glm) based on a quasipoisson distribution.
Parasitism rate of budworm larvae collected during the field survey was compared between habitats
with a simple chi-square analysis since the number of larvae varied substantially between trees, making
them inappropriate to use as units of replication in a linear model.

In the bottom-up experiment, budworm survival rate is compared between habitats and years with a
factorial generalized mixed model (binomial link function), and pupal mass is analyzed with a factorial
mixed model including habitat, sex and year as fixed factors. In the top-down experiment, predation and
parasitism rates are compared between the two habitats * season (time of the year) using binomial
generalized mixed models.

Model assumptions were tested using residual plots generated with the DHARMa package (Hartig and
Lohse 2022). A likelihood ratio test was performed via the lrtest function in “lmtest” package (Hothorn et
al. 2022) to select between simple and mixed models. The best-suited model was chosen based on the
AIC function, prioritizing models with at least 2 lower AIC scores.

Results
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Field survey
Canopy closure was higher in forest understory sites (2020 data: 61.8 ± 2.24% in natural forest vs 9.32 ± 
0.66% in the plantation; LMM coefficient = 2.59, p < 0.0001***) and branch elongation was higher in
plantation trees (2017–2020 average: 8.63 ± 0.29 cm in forest vs 15.1 ± 0.24 cm in the plantation; LMM
coefficient = 6.34, p < 0.0001***). Foliar toughness was higher in plantation (2020–2022 average: 53.78 
± 2.21 g in plantation vs 49.89 ± 1.65 g in forest trees; LM coefficient = 10.30, p = 0.019). For comparison
with other studies (Sanson et al. 2001; Onoda et al. 2011), this corresponds to approximately 0.53 ± 0.02
N in plantation trees and 0.49 ± 0.02 N in forest trees, using the conversion factor (1 g = 0.0098 N). While
we report foliar toughness in grams as per the convention used in Lirette & Despland, (2021), we provide
the equivalent values in Newtons for clarity. A comprehensive summary of all model coefficients is
available in the supplementary material (Appendix C, Table S3).

In 2021, bud phenology measured on the same trees over a period in May and June was slightly more
advanced in open than in understory habitats, but not significantly so (LMM estimate = 1.88, p = 0.076)
Measurements made on a single date showed more advanced bud phenology in plantation both in 2022
(LM 2022: 1.398, p < 0.0001***) and in 2023 (LM 2023:0.655, p < 0.0001***) (Fig. 1). The BioSIM model
was used to predict budworm larval emergence from diapause at our sites, and peak, as well as the total
duration of emergence (Fig. 1).

For late summer defoliation of current-year shoots, the model showed a significant effect of year (p < 
0.0001), indicating a substantial decrease in defoliation from 2020 (mean ± SD: Forest = 7.25% ± 9.59%;
Plantation = 5.15 ± 4.90%) to 2021 (mean ± SD: Forest = 0.642% ± 1.74%; Plantation = 0.828% ± 3.61%),
while neither habitat nor the interaction between habitat and year was statistically significant (Table S3).
Overall mean defoliation remained less than 10% of new foliage in all cases.

The budworm larvae showed higher density in plantations in each of the years tested (Fig. 2, Table S3).
However, comparison between years is not meaningful due to variations in methods and in the timing of
sampling. A similar model showed no difference in the density of predators between habitats (mean ± 
SD: Forest 2021 = 2.39 ± 2.79; 2022 = 3.96 ± 2.071; 2023 = 3.0 ± 2.26: and in Plantation 2021 = 3.23 ± 3.51;
2022 = 4.20 ± 2.94; 2023 = 1.37 ± 1.30) in any sampling periods tested.

Bottom-up experiment
As expected, females were heavier than males (mean ± SD: 71 ± 33 mg for females vs 37 ± 22 mg for
males; LMM coefficient: -0.004; p = 0.047). Insects reared on trees in plantation were overall heavier than
those on understory trees (females in plantation = 73 ± 31 mg vs forest 69 ± 34 mg; LMM coefficient:
0.0158; p = 0.038). An interaction term showed that females were significantly heavier in the second year
of the study (mean ± SD: plantation (2022) = 86 ± 33 mg vs in 2021 = 57 ± 19 mg; LMM coefficient − 
0.053, p < 0.0001***), while males showed no difference between years (Fig. 3).
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Survival rate in the cages did not differ significantly between habitats (coefficient = 0.061, p = 0.785) but
decreased between years (coefficient: -0.899, p < 0.0001***).

Top-down experiment
In 2021, we only considered the caterpillars protected by Tanglefoot; predation rate was significantly
higher in forest understory than in plantation sites (mean ± SD: 16.7 ± 19.9% in forest vs 3.57 ± 9.65% in
plantations; coefficient = 1.676, p = 0.010). All recovered caterpillars gave rise to adults and hence no
parasitism occurred during their field exposure.

In 2022, predation rate was slightly higher in forest understory than in plantation sites in both June and
July, but not significantly so. Parasitism rate was calculated as a proportion of the larvae that had
escaped predation and had been reared in the laboratory. Results showed higher parasitism rates in
forest sites in both June and July but did not quite attain statistical significance (coefficient: 0.867, p = 
0.061). Adding together consumed and parasitized larvae and testing against the number that survived
to adulthood showed an overall higher mortality rate in forest than in plantation sites (42.9 ± 26.2% in
forest vs 34.5 ± 22.6% in plantations; overall mortality was also higher in July than in June (44.5 ± 26.9%
vs 36.9 ± 23.9%; coefficient: -1.00764, p = 0.030).

Discussion
The field survey confirmed expected differences in canopy openness and associated tree growth. It also
showed predicted lower foliar toughness and earlier budburst phenology in plantation habitats.
Budworm larvae density was consistently higher in plantations across all years, and slight differences in
bottom-up and top-down forces both appear to contribute to this difference. Spruce budworm exhibited
better performance in plantations, as evidenced by higher pupal mass. Although no difference in
predator density was observed between habitats, both predation and parasitism rates were higher in the
forest understory.

The field survey showed slightly higher budworm density in the plantation sites in all 4 years of the study.
However, this did not translate to measurable differences between the two habitats in defoliation of
current-growth shoots on white spruce saplings. These results contrast with previous studies which
showed higher levels of spruce budworm defoliation on black spruce regeneration in more open habitats
(Lavoie et al., 2019, 2021; Sainte-Marie et al., 2015). The outbreak is still in its early stages in our study
region with only mild to moderate crown defoliation recorded in mature forests (Ministère des
Ressources naturelles et des Forêts Direction de la protection des forêts 2023), and previous work
suggests that the difference between understory and open habitats will increase as the outbreak
progresses (Nie et al. 2018).

The sentinel larvae experiments showed significant differences in bottom-up and top-down pressures on
spruce budworm populations between the two habitats. In the absence of natural enemies, the bottom-
up experiment showed slightly better spruce budworm performance on plantation than on understory
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saplings, as indicated by higher pupal mass. Indeed, spruce budworm pupal mass is an index of food
quality and is strongly correlated with fecundity in females (Quezada-García et al. 2018). Previous work
has shown that spruces grown under high light open conditions have higher foliar nutrient content
(especially Nitrogen) and lower defensive compounds (Carisey & Bauce, 1997; Grassi & Minotta, 2000;
Ranade et al., 2022) and that sun-exposed foliage supports better spruce budworm growth and
development (Carisey & Bauce, 1997). These factors could explain the higher pupal mass observed on
plantation trees despite their tougher foliage. Budworm pupal mass can vary by nearly an order of
magnitude; in comparison, the increase in pupal mass on plantation trees observed in our experiment
was relatively slight (Mattson et al. 1991) and was only observable in females in one of the two years of
the study. Thus, while these results do suggest lower bottom-up pressures on open-grown saplings, this
effect is not likely to contribute much to budworm population dynamics.

The top-down experiment showed slightly higher pressure from both predators and parasitoids in the
forest than in the plantation sites. A variety of arthropods, including spiders, pentatomids, carabids,
elaterids, and ants have been identified as predators of late-instar spruce budworm larvae (Bowden et al.
2023), as have birds (Crawford and Jennings 1989) and squirrels (Jennings and Crawford 1989). Higher
predation rates in the forest understory could contribute to protecting young natural regeneration spruce
trees. Parasitism is thought to be a more important regulator of budworm populations than is predation
(Royama et al. 2017). A diverse community of generalist parasitoid flies and wasps attack the spruce
budworm (Eveleigh et al. 2007; Smith et al. 2011; Greyson-Gaito et al. 2021, 2022) and the combined
action of these multiple agents is thought to play a critical role in the density-dependent regulation of
spruce budworm outbreaks (Royama et al. 2017).

It has been suggested that vegetational diversity increases the abundance of generalist predators and
parasitoids due to a higher abundance and diversity of alternative prey species, microhabitats, and other
resources such as nectar. Plant diversity could hence contribute to greater top-down control of insect
herbivores; however, this hypothesis has received mixed support in the case of the budworm (Legault
and James 2018). On the landscape scale, spruce budworm larval density decreases with forest
diversity, and the rate of attack increases for one parasitoid species but not for another (Legault and
James 2018). The two spruce budworm parasitoids tested by (Legault and James 2018) responded to
vegetation diversity at the scale of 3–15 km and exhibited panmixia (Legault et al. 2021) at large spatial
scales, suggesting strong dispersal abilities. Only one of these species, Apanteles fumiferanae, was
observed in the present study. This suggests that, given the small scale of our plantations, parasitoids
could easily move between them and the surrounding matrix of mixed forest. The higher rate of
parasitism we observed on understory saplings suggests a behavioral preference for forest understories
in parasitoids rather than a difference in population size between habitats (Gingras et al. 2002). This
might not be apparent in landscape scale studies and could be a mechanism underlying stand-scale
differences in spruce budworm populations.

Previous work compared defoliation in young conifers under hardwood (non-host) vs conifer (host)
canopy and unsurprisingly showed higher levels of defoliation under a conifer canopy (Nie et al. 2018).
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However, this difference was only apparent late in the outbreak cycle when mature trees are heavily
defoliated and larvae emerging from diapause in the canopy cannot find developing buds, balloon away
from these inadequate hosts, and drift down to understory saplings. Earlier in the outbreak cycle, when
foliage was still available on mature trees, defoliation (and budworm abundance) on the understory was
much lower and did not depend on canopy composition (Nie et al. 2018). However, perhaps
counterintuitively, other work suggests that even a conifer canopy can protect young trees from
defoliation relative to those in open habitats, but that this effect is stronger for black spruce than balsam
fir saplings. Indeed, in black spruce forests with severe defoliation, harvesting the (defoliated) mature
trees increases defoliation on black spruce saplings in the understory, but not on balsam fir saplings
(Cotton-Gagnon et al. 2018). Similarly, black spruce under canopy exhibited lower defoliation than those
in clearcuts, but balsam fir showed similar levels of damage in understory and clearcut habitats (Lavoie
et al. 2019). The mechanisms underlying these results are not explained but our results suggest they
could be linked to bottom-up forces that vary between host plants. Black spruce have late budburst and
this is considered as a phenological defense since budworm cannot enter the closed buds (Fuentealba
et al. 2017, 2018). Higher temperature advances black spruce budburst phenology making it a better
host for the budworm (Pureswaran et al. 2019; Ren et al. 2020; Bellemin-Noël et al. 2021) and therefore
canopy opening could improve black spruce phenology and make it a more suitable host. Our results do
suggest an improvement of synchrony between white spruce budburst and spruce budworm emergence
from diapause under open conditions ( Fig. 1) (Podadera et al. 2024). Phenological mismatches between
budworm larva and host have been shown to greatly reduce early instar survival (Fuentealba et al. 2017;
Bouchard et al. 2018). White spruce shows faster budburst phenology than black spruce (Ren et al.
2020; Cartenì et al. 2023) and might be expected to respond less strongly to canopy opening.

Context dependence needs to be considered in interpreting ecological results (Catford et al. 2022). We
showed only slight effects for bottom-up and top-down effects on white spruce that, in the context of
early outbreak conditions, led to slight differences in budworm density and no measurable difference in
defoliation. However, relative strengths of bottom-up and top-down forces can vary between host plants
with different defenses and between points in budworm-parasitoid population cycles (Moreau et al.
2006, 2018). Indeed, differences in budbreak phenology between host species drive differences in
defoliation of adult trees (Fuentealba et al. 2017; Bellemin-Noël et al. 2021). Previous work confirms that
for regeneration too, balsam fir is more vulnerable than black spruce (Cotton-Gagnon et al. 2018; Lavoie
et al. 2019) and that canopy cover impacts defoliation on black spruce more than it does on balsam fir
(Lavoie et al. 2019), which could be due to greater black spruce sensitivity to temperature differences.
According to Stead et al. (2021), the rate of parasitism is higher on balsam fir than on black spruce,
indicating potentially higher top-down pressure for spruce budworm on the former host. with different
parasitoids playing distinct roles at various stages (Royama et al., 2017). However, while differences in
top-down pressure between host species may not be consistent (Seehausen et al. 2013) these pressures
can vary as an outbreak progresses and different parasitoids play distinct roles (Royama et al. 2017).
Our findings are consistent with previous work that differences between habitats in regeneration
defoliation are slight early in the outbreak cycle (Nie et al. 2018). However, as the outbreak progresses,



Page 13/23

defoliation on regeneration increases dramatically as mature trees are only sparsely foliated (or dead),
and both attract fewer ovipositing moths and retain fewer larvae emerging from diapause (Nie et al.
2018). At the small spatial scale of our study, canopy defoliation is likely to lead to greater pressure on
regeneration whether in understory or open habitat (Nie et al. 2018). However, as the outbreak
progresses, top-down forces also increase, and it remains to be seen if this happens in the same way in
understory and open habitats. Our plantations are small and in a mixed forest matrix, and parasitoid
host-finding behavior is likely to drive parasitism rates in different habitats: future studies would be
necessary to determine whether parasitoids exhibit reluctance to move into open plantations.

Finally, our results confirm that white spruce trees in open habitat plantations exhibit higher growth rates
than under forest canopies. This increased vigour protects them against mortality: balsam fir saplings in
understory die with 50% defoliation but can survive 75% in open conditions (Nie et al. 2018). The relative
success of open vs under-canopy white spruce regeneration is thus a tradeoff between levels of insect
herbivore populations and resilience to foliage loss (Nie et al. 2018); we show that multiple factors
including budburst phenology, foliar quality, and predation and parasitism rates are involved in
determining regeneration resilience to budworm outbreaks.

Defoliation of regeneration can have important ecosystem impacts because young trees represent the
future of the forest (Subedi et al. 2023). This is particularly true as heavily defoliated trees do not
produce much seed and hence most post-outbreak regeneration comes from existing young trees
(Cotton-Gagnon et al. 2018). Differential defoliation can affect competition between tree species and
influence forest successional trajectories (Lavoie et al., 2021). To our knowledge, ours is the first study
to follow up on Craighead's, (1925) observations and to compare budworm responses on regeneration
under hardwood canopy vs open conditions, and we identify bottom-up and top-down forces that are
relaxed in plantations. Notably, we report a novel mechanism: advanced phenology in open conditions
can improve synchrony with budworm emergence from diapause and make open-canopy regeneration
trees more suitable hosts.

Declarations
ED and MG conceived the ideas and designed the methodology; SN, ZG, and APY collected the data; ED
and SN analyzed the data and wrote the initial draft of the manuscript. Other authors provided editorial
comments, and all authors contributed critically to the draft and gave final approval for publication.

Acknowledgments

Thanks to Elyse Moisan, Natalie Dupont, Beatrice Boulet-Couture, Georgia Drummond, Sebastian Caucci,
Marie-Eve Jarry, Rosalie Deblois and Alin Buruiana for help with fieldwork. This study was funded by an
MFFP grant and an NSERC Alliance grant ALLRP 560575-20, as well as Concordia undergraduate
research awards to ME Jarry and A Buruiana, and an NSERC USRA to N Dupont. 



Page 14/23

Funding: This study was funded by Ministère des Forêts, de la Faune et des Parcs (MFFP) and the
Natural Sciences and Engineering Research Council of Canada (NSERC) Alliance grant ALLRP 560575-
20, as well as Concordia undergraduate research awards to ME Jarry and A Buruiana, and an NSERC
USRA to N Dupont. 

Conflicts of interest/Competing interests: All the authors have asserted that they have no conflicts of
interest related to the submitted manuscript. All funding sources supporting this work are disclosed in
the funding section.

Ethics approval: Not applicable

Consent to participate: Not applicable 

Consent for publication: Not applicable 

Availability of data and material: Data generated through this study can be made available upon request
to the corresponding author.

Code availability: Not applicable 

Authors' contributions: ED and MMG conceived the ideas and designed the methodology; SN, ZG, and
APY collected the data; ED and SN analyzed the data and wrote the first draft of the manuscript. Other
authors provided editorial comments, and all authors contributed critically to the draft and gave final
approval for publication.

References
1. Aakala T, Remy CC, Arseneault D, et al (2023) Millennial-Scale Disturbance History of the Boreal

Zone. In: Girona MM, Morin H, Gauthier S, Bergeron Y (eds) Boreal Forests in the Face of Climate
Change: Sustainable Management. Springer International Publishing, Cham, pp 53–87

2. Bates D, Mächler M, Bolker B, Walker S (2015) Fitting Linear Mixed-Effects Models Using lme4.
Journal of Statistical Software 67:1–48. https://doi.org/10.18637/jss.v067.i01

3. Bellemin-Noël B, Bourassa S, Despland E, et al (2021) Improved performance of the eastern spruce
budworm on black spruce as warming temperatures disrupt phenological defences. Global Change
Biology 27:3358–3366. https://doi.org/10.1111/gcb.15643

4. Bognounou F, De Grandpré L, Pureswaran DS, Kneeshaw D (2017) Temporal variation in plant
neighborhood effects on the defoliation of primary and secondary hosts by an insect pest.
Ecosphere 8:e01759. https://doi.org/10.1002/ecs2.1759

5. Bouchard M, Régnière J, Therrien P (2018) Bottom-up factors contribute to large-scale synchrony in
spruce budworm populations. Can J For Res 48:277–284. https://doi.org/10.1139/cjfr-2017-0051

6. Bowden JJ, van der Meer B, Moise ERD, et al (2023) Not just for the birds: Spiders as natural
enemies of spruce budworm (Choristoneura fumiferana, Clem.). Journal of Applied Entomology



Page 15/23

147:176–180. https://doi.org/10.1111/jen.13096

7. Brooks M, Bolker B, Kristensen K, et al (2024) glmmTMB: Generalized Linear Mixed Models using
Template Model Builder

8. Carisey N, Bauce E (1997) Balsam Fir Foliar Chemistry in Middle and Lower Crowns and Spruce
Budworm Growth, Development, Food and Nitrogen Utilization. J Chem Ecol 23:1963–1978.
https://doi.org/10.1023/B:JOEC.0000006483.52480.c4

9. Cartenì F, Balducci L, Dupont A, et al (2023) PhenoCaB: a new phenological model based on carbon
balance in boreal conifers. New Phytologist 239:592–605. https://doi.org/10.1111/nph.18974

10. Catford JA, Wilson JRU, Pyšek P, et al (2022) Addressing context dependence in ecology. Trends in
Ecology & Evolution 37:158–170. https://doi.org/10.1016/j.tree.2021.09.007

11. Comeau PG, Filipescu CN, Kabzems R, DeLong C (2009) Corrigendum to: Growth of white spruce
underplanted beneath spaced and unspaced aspen stands in northeastern B.C.—10 year results.
Forest Ecology and Management 257:1629–1636. https://doi.org/10.1016/j.foreco.2009.01.025

12. Cotton-Gagnon A, Simard M, De Grandpré L, Kneeshaw D (2018) Salvage logging during spruce
budworm outbreaks increases defoliation of black spruce regeneration. Forest Ecology and
Management 430:421–430. https://doi.org/10.1016/j.foreco.2018.08.011

13. Craighead FC (1925) Relation between Mortality of Trees attacked by the Spruce Budworm
(Cacoecia fumiferana Clem.) and previous Growth. Journal of Agricultural Research 30:541–555

14. Crawford HS, Jennings DT (1989) Predation by Birds on Spruce Budworm Choristoneura
Fumiferana: Functional, Numerical, and Total Responses. Ecology 70:152–163.
https://doi.org/10.2307/1938422

15. Cribari-Neto F, Zeileis A (2010) Beta Regression in R. Journal of Statistical Software 34:1–24.
https://doi.org/10.18637/jss.v034.i02

16. Debaly Z, Marchand P, Montoro Girona M (2022) Autoregressive models for time series of random
sums of positive variables: Application to tree growth as a function of climate and insect outbreak.
Ecological Modelling 471:110053. https://doi.org/10.1016/j.ecolmodel.2022.110053

17. Dhont C, Sylvestre P, Gros-Louis M-C, Isabel N (2010) Field Guide for Identifying Apical Bud Break
and Bud Formation Stages in White Spruce

18. Dorais LG, Kettela E (1982) Revue, Par Région, Des Techniques d’inventaire Entomologique et
d’évaluation Des Programmes de Pulvérisation à Grande Échelle Contre La Tordeuse Des Bourgeons
de l’épinette Choristoneura Fumiferana (Clem.). Ministère de l’Énergie et des Ressources du Québec:
Québec, Québec, Canada

19. Eveleigh ES, McCann KS, McCarthy PC, et al (2007) Fluctuations in density of an outbreak species
drive diversity cascades in food webs. Proceedings of the National Academy of Sciences
104:16976–16981. https://doi.org/10.1073/pnas.0704301104

20. Fischbein D, Corley JC (2022) Population ecology and classical biological control of forest insect
pests in a changing world. Forest Ecology and Management 520:120400



Page 16/23

21. Fuentealba A, Pureswaran DS, Bauce E, Despland E (2017) How does synchrony with host plant
affect the performance of an outbreaking insect defoliator? Oecologia 184:847–857.
https://doi.org/10.1007/s00442-017-3914-4

22. Fuentealba A, Sagne S, Pureswaran D, et al (2018) Defining the window of opportunity for feeding
initiation by second-instar spruce budworm larvae. Can J For Res 48:285–291.
https://doi.org/10.1139/cjfr-2017-0133

23. Gauthier S, Kuuluvainen T, Macdonald SE, et al (2023) Ecosystem Management of the Boreal Forest
in the Era of Global Change. In: Girona MM, Morin H, Gauthier S, Bergeron Y (eds) Boreal Forests in
the Face of Climate Change: Sustainable Management. Springer International Publishing, Cham, pp
3–49

24. Gingras D, Dutilleul P, Boivin G (2002) Modeling the impact of plant structure on host-finding
behavior of parasitoids. Oecologia 130:396–402. https://doi.org/10.1007/s00442-001-0819-y

25. Girona MM, Morin H, Gauthier S, Bergeron Y (eds) (2023) Boreal Forests in the Face of Climate
Change: Sustainable Management. Springer International Publishing, Cham

26. Grassi G, Minotta G (2000) Influence of nutrient supply on shade–sun acclimation of Picea abies
seedlings: effects on foliar morphology, photosynthetic performance and growth. Tree Physiology
20:645–652. https://doi.org/10.1093/treephys/20.10.645

27. Greyson-Gaito CJ, Dolson SJ, Forbes G, et al (2022) Phylogenetic community structure and stable
isotope analysis of the parasitoid community associated with Eastern spruce budworm,
Choristoneura fumiferana (Lepidoptera: Tortricidae). Agricultural and Forest Entomology 24:476–
486. https://doi.org/10.1111/afe.12508

28. Greyson-Gaito CJ, McCann KS, Fründ J, et al (2021) Parasitoid community responds indiscriminately
to fluctuating spruce budworm (Lepidoptera: Tortricidae) and other caterpillars on balsam fir
(Pinaceae). The Canadian Entomologist 153:482–496. https://doi.org/10.4039/tce.2021.14

29. Hartig F, Lohse L (2022) DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed)
Regression Models

30. Harvey B, Leduc A (1999) Plan Général D’aménagement Forêt D’enseignement Et De Recherche Du
Lac Duparquet (1998-2023). Unité de recherche et de développement forestiers de l’Abitibi-
Témiscamingue (URDFAT) Université du Québec en Abitibi-Témiscamingue

31. Hothorn T, Zeileis A, Farebrother (pan.f) RW, et al (2022) lmtest: Testing Linear Regression Models

32. Jactel H, Brockerhoff EG (2007) Tree diversity reduces herbivory by forest insects. Ecology Letters
10:835–848. https://doi.org/10.1111/j.1461-0248.2007.01073.x

33. Jennings DT, Crawford HS (1989) Predation by Red Squirrels on the Spruce budworm Choristoneura
fumiferana (Clem.) (Lepidoptera: Tortricidae). The Canadian Entomologist 121:827–828.
https://doi.org/10.4039/Ent121827-9

34. Lavoie J, Montoro Girona M, Morin H (2019) Vulnerability of Conifer Regeneration to Spruce
Budworm Outbreaks in the Eastern Canadian Boreal Forest. Forests 10:850.
https://doi.org/10.3390/f10100850



Page 17/23

35. Legault S, James PMA (2018) Parasitism Rates of Spruce Budworm Larvae: Testing the Enemy
Hypothesis Along a Gradient of Forest Diversity Measured at Different Spatial Scales. Environmental
Entomology 47:1083–1095. https://doi.org/10.1093/ee/nvy113

36. Legault S, Wittische J, Cusson M, et al (2021) Landscape-scale population connectivity in two
parasitoid species associated with the spruce budworm: Testing the birdfeeder effect using genetic
data. Molecular Ecology 30:5658–5673. https://doi.org/10.1111/mec.16160

37. Lirette A-O, Despland E (2021) Defensive Traits during White Spruce (Picea glauca) Leaf Ontogeny.
Insects 12:644. https://doi.org/10.3390/insects12070644

38. Marrec R, Pontbriand-Paré O, Legault S, James PMA (2018) Spatiotemporal variation in drivers of
parasitoid metacommunity structure in continuous forest landscapes. Ecosphere 9:e02075.
https://doi.org/10.1002/ecs2.2075

39. Mattson WJ, Haack RA, Lawrence RK, Slocum SS (1991) Considering the nutritional ecology of the
spruce budworm in its management. Forest Ecology and Management 39:183–210.
https://doi.org/10.1016/0378-1127(91)90176-V

40. Ministère des Ressources naturelles et de la Faune (2008) Sustainable Management in the Boreal
Forest: A RealResponse to Environmental Challenges

41. Ministère des Ressources naturelles et des Forêts Direction de la protection des forêts (2023)
Insectes, maladies et feux dans les forêts du Québec en 2022 ». Quebec

42. Moreau G, Eveleigh ES, Lucarotti CJ, Quiring DT (2006) Ecosystem alteration modifies the relative
strengths of bottom-up and top-down forces in a herbivore population. Journal of Animal Ecology
75:853–861. https://doi.org/10.1111/j.1365-2656.2006.01109.x

43. Moreau G, Ostaff DP, Bauce É, et al (2018) Interlacing roles of bottom-up, top-down, endogenous,
and anthropogenic factors in population oscillations. Ecosphere 9:e02421.
https://doi.org/10.1002/ecs2.2421

44. Navarro L, Morin H, Bergeron Y, Girona MM (2018) Changes in Spatiotemporal Patterns of 20th
Century Spruce Budworm Outbreaks in Eastern Canadian Boreal Forests. Frontiers in Plant Science
9:

45. Nealis VG, Régnière J (2004) Insect-host relationships influencing disturbance by the spruce
budworm in a boreal mixedwood forest. Can J For Res 34:1870–1882. https://doi.org/10.1139/x04-
061

46. Nie, Z., MacLean, D. A., & Taylor, A. R. (2018). Forest overstory composition and seedling height
influence defoliation of understory regeneration by spruce budworm. Forest Ecology and
Management, 409, 353–360. https://doi.org/10.1016/j.foreco.2017.11.033

47. Onoda Y, Westoby M, Adler PB, et al (2011) Global patterns of leaf mechanical properties. Ecology
Letters 14:301–312. https://doi.org/10.1111/j.1461-0248.2010.01582.x

48. Podadera D, Balducci L, Rossi S, et al (2024) Differential advances in budburst timing among black
spruce, white spruce and balsam fir across Canada. Agricultural and Forest Meteorology
349:109950. https://doi.org/10.1016/j.agrformet.2024.109950



Page 18/23

49. Pureswaran DS, Johns R, Heard SB, Quiring D (2016) Paradigms in Eastern Spruce Budworm
(Lepidoptera: Tortricidae) Population Ecology: A Century of Debate. Environ Entomol 45:1333–1342.
https://doi.org/10.1093/ee/nvw103

50. Pureswaran DS, Neau M, Marchand M, et al (2019) Phenological synchrony between eastern spruce
budworm and its host trees increases with warmer temperatures in the boreal forest. Ecology and
Evolution 9:576–586. https://doi.org/10.1002/ece3.4779

51. Quezada-García R, Fuentealba Á, Bauce É (2018) Phenotypic variation in food utilization in an
outbreak insect herbivore. Insect Science 25:467–474. https://doi.org/10.1111/1744-7917.12419

52. R Core Team (2023) R: A Language and Environment for Statistical Computing

53. Ranade SS, Seipel G, Gorzsás A, García-Gil MR (2022) Enhanced lignin synthesis and ecotypic
variation in defense-related gene expression in response to shade in Norway spruce. Plant, Cell &
Environment 45:2671–2681. https://doi.org/10.1111/pce.14387

54. Regniere J, Cooke BJ, Béchard A, et al (2019) Dynamics and Management of Rising Outbreak Spruce
Budworm Populations. Forests 10:748. https://doi.org/10.3390/f10090748

55. Régnière J, St-Amant R, Béchard A (2014) BioSIM 10 – User’s manual.

56. Ren P, Néron V, Rossi S, et al (2020) Warming counteracts defoliation-induced mismatch by
increasing herbivore-plant phenological synchrony. Global Change Biology 26:2072–2080.
https://doi.org/10.1111/gcb.14991

57. Rodríguez A, Pohjoismäki JLO, Kouki J (2019) Diversity of forest management promotes parasitoid
functional diversity in boreal forests. Biological Conservation 238:108205.
https://doi.org/10.1016/j.biocon.2019.108205

58. Roe AD, Demidovich M, Dedes J (2018) Origins and History of Laboratory Insect Stocks in a
Multispecies Insect Production Facility, With the Proposal of Standardized Nomenclature and
Designation of Formal Standard Names. J Insect Sci 18:1. https://doi.org/10.1093/jisesa/iey037

59. Royama T, Eveleigh ES, Morin JRB, et al (2017) Mechanisms underlying spruce budworm outbreak
processes as elucidated by a 14-year study in New Brunswick, Canada. Ecological Monographs
87:600–631. https://doi.org/10.1002/ecm.1270

60. Sainte-Marie GB, Kneeshaw DD, MacLean DA, Hennigar CR (2015) Estimating forest vulnerability to
the next spruce budworm outbreak: will past silvicultural efforts pay dividends? Can J For Res
45:314–324. https://doi.org/10.1139/cjfr-2014-0344

61. Sanson G, Read J, Aranwela N, et al (2001) Measurement of leaf biomechanical properties in
studies of herbivory: Opportunities, problems and procedures. Austral Ecology 26:535–546.
https://doi.org/10.1046/j.1442-9993.2001.01154.x

62. Seehausen ML, Régnière J, Bauce É (2013) Does spruce budworm (Lepidoptera: Tortricidae) rearing
diet influence larval parasitism? The Canadian Entomologist 145:539–542.
https://doi.org/10.4039/tce.2013.30

63. Smith MA, Eveleigh ES, McCann KS, et al (2011) Barcoding a quantified food web: crypsis, concepts,
ecology and hypotheses. PLoS One 6:e14424. https://doi.org/10.1371/journal.pone.0014424



Page 19/23

64. Staab M, Schuldt A (2020) The Influence of Tree Diversity on Natural Enemies—a Review of the
“Enemies” Hypothesis in Forests. Curr Forestry Rep 6:243–259. https://doi.org/10.1007/s40725-
020-00123-6

65. Stead L, Heard SB, Johns RC (2021) Host-choice by a specialist folivore reflects trade-offs between
foliage quality and parasitism risks. Ecological Entomology 46:856–865.
https://doi.org/10.1111/een.13022

66. Stemmelen A, Jactel H, Brockerhoff E, Castagneyrol B (2022) Meta-analysis of tree diversity effects
on the abundance, diversity and activity of herbivores’ enemies. Basic and Applied Ecology 58:130–
138. https://doi.org/10.1016/j.baae.2021.12.003

67. Subedi A, Marchand P, Bergeron Y, et al (2023) Climatic conditions modulate the effect of spruce
budworm outbreaks on black spruce growth. Agricultural and Forest Meteorology 339:109548.
https://doi.org/10.1016/j.agrformet.2023.109548

68. Wickham H, François R, Henry L, et al (2023) dplyr: A Grammar of Data Manipulation

69. Yataco AP, Noor S, Girona MM, et al (2024) Limited Differences in Insect Herbivory on Young White
Spruce Growing in Small Open Plantations and under Natural Canopies in Boreal Mixed Forests.
Insects 15:196. https://doi.org/10.3390/insects15030196

70. Züst T, Agrawal AA (2017) Trade-Offs Between Plant Growth and Defense Against Insect Herbivory:
An Emerging Mechanistic Synthesis. Annual Review of Plant Biology 68:513–534.
https://doi.org/10.1146/annurev-arplant-042916-040856

Appendix
Appendix A is not available with this version

Figures



Page 20/23

Figure 1

Legend not included with this version



Page 21/23

Figure 2

Legend not included with this version



Page 22/23

Figure 3

Legend not included with this version



Page 23/23

Figure 4

Legend not included with this version

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupplementaryFileSBWTopdownandbottomup16thDec2024.docx

https://assets-eu.researchsquare.com/files/rs-5656061/v1/7419b4ecb0614feecd176212.docx

