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Abstract

Spruce budworm (Choristoneura fumiferana) outbreaks are a major disturbance in northeastern American forests. Monitor-
ing, forecasting, and mitigating outbreak risks require information on how local population densities translate to defoliation.
Given landscape-scale heterogeneity, forest structure, and local population dynamics, one expects the relationship between
population densities and defoliation to vary spatially and temporally. We analyzed 17 years of larval density data from over
1000 locations in Québec, Canada, to investigate how larval densities and environmental context translate into observable de-
foliation. We found a positive latitudinal gradient and a positive effect of hardwood species on insect population growth rates.
Further, we identified a 3-year cumulative effect of larval densities on defoliation, with a 2-year lag having the strongest influ-
ence. On average, a density of 15 larvae per branch corresponded to a 29% probability of defoliation. However, this probability
varied widely (13%-52%) with the proportions of balsam fir and black spruce. Our study elucidates the relationship between
SBW populations and defoliation, highlighting the importance of cumulative larval density effects and environmental context

in defining defoliation risk.
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Introduction

Forest insect outbreaks frequently occur synchronously
over vast geographical areas and exhibit intricate spatial and
temporal dynamics. A multitude of biotic and abiotic fac-
tors influence these dynamics, making it difficult to iden-
tify clear cause and effect relationships among potential
drivers, and to effectively manage outbreaks (Pureswaran
et al. 2016). While observable defoliation is often the met-
ric of interest to forest managers, outbreak models relying
solely on such data risk missing important aspects of the
dynamics, especially during the early phase of an outbreak,
when low insect densities begin to increase (Nealis and Rég-
niére 2004; Régniére et al. 2019). Low-density populations,
which are below the detection threshold of visible defolia-
tion, are fundamental to the development of the entire out-
break and hold strong potential to further refine efforts to
reduce the impact of outbreaks on forest resources. How-
ever, low-density, endemic phase populations are difficult to
study (Pureswaran et al. 2016; Nenzén et al. 2018). Under-
standing the relationship between insect population density,
the appearance of defoliation, and its effect on forest function
is fundamental to making accurate predictions of outbreak
development (Johns et al. 2019; Régniere et al. 2023). Fur-
ther, explicit consideration of how the relationship between
population dynamics and visible defoliation varies across
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environmental conditions is essential to improve outbreak
predictions.

Outbreaks of native insects are one of the primary dis-
turbances of North American forests (Kneeshaw et al. 2024).
These outbreaks play an essential ecological role and cause
large-scale defoliation, thus influencing forest succession and
dynamics (Leduc et al. 2021), carbon fluxes (Kurz et al. 2008),
but also forest hydrology (Sidhu et al. 2024) and wildfire
dynamics (James et al. 2017). The Eastern spruce budworm
(SBW, Choristoneura fumiferana Clemens) is the most damag-
ing insect defoliator affecting Canadian forests (Natural Re-
sources Canada 2022). Its primary hosts are balsam fir (Abies
balsamea (L.) Mill.) and spruce species (Picea spp.). Cyclic SBW
outbreaks lead to the defoliation of millions of hectares of
forest, causing significant growth loss and mortality after
years of sustained defoliation, thereby inducing major eco-
nomic losses (Nealis and Régniere 2004; Chang et al. 2012;
MFFP-Ministére des Foréts, de la Faune et des Parcs 2020).

Tree defoliation is a direct outcome of budworm popu-
lation dynamics and can be used to infer key aspects of
those dynamics (Nenzén et al. 2018). However, surveys fo-
cused solely on defoliation risk overlooking important demo-
graphic dynamics that can strongly influence outbreak de-
velopment (Pureswaran et al. 2016). One of the main factors
influencing observed defoliation is forest composition, par-
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ticularly the proportion of host and non-host species (Candau
and Fleming 2005; Gray 2013; Bouchard and Auger 2014). Dif-
ferent tree species vary in susceptibility and vulnerability to
SBW, which in turn influences defoliation patterns (Hennigar
et al. 2008). Furthermore, forest composition affects commu-
nities of natural enemies and larval dispersal loss, which also
shapes defoliation patterns (Eveleigh et al. 2007; Zhang et al.
2020).

SBW populations are influenced by a variety of drivers,
whether biotic or abiotic (Régniére and Nealis 2008; Li et al.
2020). Resource availability (i.e., the quantity of foliage) and
the effect of natural enemies have been shown to affect the
survival of early instar larvae (Régniére and Nealis 2008). In
addition, climate, especially temperature, is known to affect
SBW dynamics (Li et al. 2020), influencing both larval sur-
vival and mortality (Pureswaran et al. 2016; Marshall and Roe
2021), the timing of larval emergence (i.e., phenology) rela-
tive to host trees (Bellemin-Noél et al. 2021), and spatial distri-
bution (Gray 2008; Candau and Fleming 2011; Régniére et al.
2012). Such analyses of drivers of SBW population dynamics
have generally been studied locally (often at the stand scale)
or over short time scales, and have typically focused on high
insect density stages because of the challenges associated
with sampling low-density populations (Régniere and Nealis
2008; Pureswaran et al. 2016; Li et al. 2020). Although stud-
ies on the effects of environmental conditions on SBW dis-
persal or outbreak synchrony have been conducted at larger
scales and high larval densities using pheromone trap data
(Anderson and Sturtevant 2011; Bouchard et al. 2018) and
molecular markers (Larroque et al. 2019), further research is
needed to evaluate the influence of environmental factors on
rising larval densities at the outbreak scale.

Despite their critical role in outbreak development, low
but increasing SBW populations and how they link to later
spatial patterns of defoliation and tree mortality remain un-
derstudied. Disentangling these complex relationships and
the influence of environmental context is further compli-
cated by temporally varying lags between increases in popula-
tion density and observable defoliation (Nealis and Régniere
2004). Although these temporal lags have been noted in the
literature (e.g., Régniére et al. 2019; Germain et al. 2021), a
comprehensive analysis of this phenomenon is still lacking.
Resolving the precise relationship between increasing SBW
densities and the appearance of defoliation and tree mortal-
ity is a necessary next step to not only improve our funda-
mental understanding of this outbreaking system but also to
develop effective defoliation forecasts and inform manage-
ment (Johns et al. 2019). In addition, the insights that can
be generated through such an investigation can readily be
leveraged when combined with ongoing larval monitoring
programs (SOPFIM 2019).

In this study, we investigate the relationship between
spruce budworm population dynamics and observed defo-
liation and how this relationship varies spatially. Our spe-
cific goals were to (1) estimate local population growth rates
across Québec, a province heavily affected by SBW outbreaks;
(2) determine the impacts of spatial and environmental co-
variates on these population trends; and (3) quantify the
time lag between increasing population densities and visi-

ble defoliation. To meet these goals, we leverage an excep-
tional spatial and temporal dataset of second-instar SBW lar-
vae (L2) sampled between 2001 and 2018 across the province
of Québec at over 1000 locations. These data were collected
during a surveillance program by the Québec Ministére des
Ressources Naturelles et des Foréts and SOPFIM (Société de Protec-
tion des Foréts contre les Insectes et Maladies) and provide an un-
precedented opportunity to study low-density SBW popula-
tion dynamics and to improve outbreak forecasting capacity
in this native, and economically important insect species.

Methods

Data and study area

Our study focused on the commercial forest region of the
province of Québec, Canada, south of 52°N, where the MRNF
(Ministére des Ressources Naturelles et des Foréts; formerly MFFP,
Ministére des Foréts de la Faune et des Parcs) established monitor-
ing stations to track spruce budworm outbreaks. This large
region has three bioclimatic zones: boreal forest in the north-
ern part, dominated by coniferous species (fir and spruce),
deciduous forest in the southern part, and mixed forest in
between (MFFP 2021).

Second-instar larvae (L2)—the overwintering stage of
SBW—were monitored annually in the fall by the MRNF and
SOPFIM. The locations sampled included permanent stations
sampled annually and locations sampled depending on the
outbreak’s state in areas eligible for aerial spraying with bi-
ological insecticide (SOPFIM 2019). Between 2001 and 2018,
L2s were sampled in 1530 sites across Québec (Fig. 1; Supple-
mentary Table S1). At each location, 75 cm branches were col-
lected from three host trees (mostly from balsam fir (Abies bal-
samea (L.) Mill.) and white spruce (Picea glauca (Moench) Voss),
but also some black spruce (P. mariana (Mill.) B.S.P.) and red
spruce (P. rubens Sarg.) from which the L2s were extracted in
the lab (SOPFIM 2019). For the analyses described below, the
number of larvae per branch was averaged by site and year.

Maps of defoliation were derived from aerial surveys and
were produced annually in Québec by the MRNF starting in
1967 (MFFP 2020). The defoliation level of host species has
been classified since 2014 into light (foliage loss in the upper
third of the crown of a few trees), moderate (foliage loss in
the upper half of the crown of most trees), or severe (foliage
loss throughout the crown of most trees), and before that as
light (1%-35%), moderate (36%-70%) and severe (71%-100%),
although in practice it can be difficult to distinguish among
these categories. For simplicity, we merged the three defolia-
tion levels to produce binary classified polygon layers of de-
foliated and non-defoliated areas (Bouchard and Auger 2014).
Between 2009 and 2018, SOPFIM conducted aerial spraying of
biological insecticide (Bacillus thuringiensis kurstaki; Btk) to pro-
tect valuable stands from the ongoing spruce budworm out-
break (SOPFIM 2021). We extracted the spraying status (not
sprayed, sprayed once, or sprayed twice) for each year and
location sampled for L2 (SOPFIM 2021). Preliminary analyses
indicated no significant effect of insecticide use on SBW pop-
ulation growth or presence of defoliation, which was likely
due to the small number of sites treated versus non-treated
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and because the goal of insecticide spraying in Québec, under
the Foliage Protection strategy, is not to stop outbreaks but
to keep valuable stands alive until harvest. Therefore, insec-
ticide use was not included in further analyses.

Each sample site was described in terms of several environ-
mental factors derived from the SIFORT geospatial database
(Systéme d’Information Forestiére par Tesselle; Pelletier et al. 2007).
This system overlays a grid of 14 ha tesserae onto forest in-
ventories conducted by Québec’s Ministére des Ressources
Naturelles et des Foréts and assigns forest attributes to the
center of each tessera (Pelletier et al. 2007). These invento-
ries are based on aerial photo interpretation combined with
supervised classification using ground-truthing sites (MFFP
2015). We used SIFORT to derive the proportion of SBW host
species at each site (Supplementary Table S2). We also derived
the proportion of hardwood species, which has been shown
to affect defoliation intensity (Bouchard et al. 2005; McNie
et al. 2023) due to a presumed influence on natural enemies
(Eveleigh et al. 2007). Information about tree species propor-
tion in the forest inventories was categorical: the propor-
tion of host species was expressed in four categories (<15%,
15%-25%, 25%-50%, and >50%), and hardwood species pro-
portion in five categories (<15%, 15%-25%, 25%-50%, 50%—
75%, and >75%) (Supplementary Table S2). Drainage type at
each location was expressed in seven categories (i.e., exces-
sive, fast, good, moderate, imperfect, bad, and very bad). Age
class was also extracted from the SIFORT database and was
expressed in eight categories (>20, 21-40, 41-60, 61-80, 81—
100, >100 years old). When multiple age classes were present
in a single location (stratified stand), we considered the age
class of the layer with the largest basal area.

The effect of temperature was captured using the average
degree-day above 5 °C at each location. This summary cli-
matic variable was shown to be important for SBW outbreak
development and was deemed sufficient given the large scale
of the study and collinearity with other climatic predictors
(Gray 2008; Bouchard and Auger 2014). Temperature was in-
terpolated at each site, and the number of degree-days above
5 °C was calculated using weather station data and the soft-
ware BioSIM-11 (Régniére et al. 2017). The interpolations re-
lied on data from 494 weather stations closest to each site, as
well as the latitude and elevation of the site (Régniére et al.
2017).

Elevation and slope have been previously identified as im-
portant to defoliation trends (Bouchard and Auger 2014; Senf
et al. 2017). To assess the influence of topography on popu-
lation growth, we extracted the elevation at each site from
a Digital Elevation Model produced by the Shuttle Radar To-
pography Mission (SRTM) (mean = 339.4 m, range = 0; 1098
m) (Earth Resources Observation and Science (EROS Center
2017)). We then used QGIS (v. 3.22.7; QGIS Development Team
2020) to derive the slope at each location using the tool Slope
(mean = 4.92°, range = 0; 56.25°). All remaining analyses
were performed in R (v. 4.3.3; R Core Team 2024).

Population trends
Estimating population trends in these L2 time series was
challenging because of their irregular sampling. The spatial
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extent of the samples was not consistent through time, the
time series themselves were not all the same length, and
some series were missing years. To account for this variabil-
ity, we used a robust method developed by Humbert et al.
(2009), which is an adaptation of the exponential growth
state-space model. This model has been shown to perform
well and reliably even in the presence of missing data and
with different sources of variation (Humbert et al. 2009). The
model can be represented as:

1) X@E)=X{E—-1)+u+E
(2) E ~ normal (0,0?%)

Here, X(t) represents the unobserved log-population densities
in yeart, u is the trend parameter (overall population growth
rate at a location between 2001 and 2018), and E, represents
random perturbations (environmental variability) (Humbert
et al. 2009). The observation errors (F;) are then added to each
X(t):

(B) Y({)=X({t)+H
4) K ~ normal (0, 7?)

To obtain reliable trend estimates, we only considered time
series with at least 10 years of observations. This resulted in
estimating growth rates at 591 sites across Québec (Fig. 2).

After estimating the growth rates at each location, we as-
sessed the influence of environmental factors on the pop-
ulation trends using linear models. The environmental fac-
tors that we explored for inclusion in our model of popula-
tion growth were selected based on the literature (Candau
and Fleming 2005; Bouchard and Auger 2014; McNie et al.
2023). The predictors included topographic information (el-
evation and slope), soil moisture regime, climatic data (av-
erage degree-day >5 °C, and the proportion of tree species at
the site (balsam fir, black spruce, white spruce, and hardwood
species) (Dupont et al. 1991; Senf et al. 2017). The predictors
were standardized before the analyses. We used a backward
selection approach by keeping the significant terms using the
threshold « = 0.05.

Modelling defoliation and time lag

Defoliation at a site lags behind the initial rise in insect
densities, becoming noticeable only after larval populations
reach levels sufficient to cause visible damage (Nealis and
Régniere 2004; Germain et al. 2021). Understanding the con-
text and timing of defoliation in relation to L2 densities is
essential to monitor, forecast, and mitigate outbreak risks,
as defoliation and tree mortality result from complex in-
teractions involving site conditions, past defoliation, host
availability, weather, climate, predation, and SBW density
(Pureswaran et al. 2016; Régniére et al. 2019).

The lag effect of L2 densities on defoliation was tested by
correlating defoliation with densities in earlier individual
years as well as the cumulative effects of L2s across multiple
years. First, we tested the impact of single-year L2 densities
on annual defoliation, every year from lag 1-5 years. Then,
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we tested the effect of cumulative years on the observed de-
foliation. We also fit additional parameters for each lag year
to test for potential differences in terms of the relative im-
pact of each year using an optimization algorithm (optim in
R; R Core Team 2024). This functional form was expressed as

5
(6) L=  HiealtNipy+1)

where 1 are the estimated weight parameters for each annual
time lag (t) such that all » summed to one. N represents larvae
density at location i, year t, and lag x. We added a +1 in the
natural logarithm term to avoid undefined values when no
larvae were detected at a specific time and location.

We fit mixed-effects logistic regressions using the Ime4
package, where the response variable was the presence or ab-
sence of observed defoliation and where “site” was included
as arandom variable to account for repeated measures (Bates
et al. 2015). The new lagged L2 predictor (L from eq. 5) was in-
cluded in the model, as well as predictors of forest structure
(proportion of host species and hardwood species). Finally, we
forced a first-order temporal covariate, namely the defolia-
tion status of the previous year, into the models to account for
temporal autocorrelation. The optimal model was selected
from among the models with different time lag forms and en-
vironmental predictors by minimizing the value of AIC using
an information-theoretic approach (Burnham and Anderson
2004). The marginal and conditional R? of the final selected
model were calculated using the R package MuMIn (Barton
2024).

Effect of ecozone

To assess whether the relationship between lagged SBW
densities and defoliation, specifically the time lag functional
form, varies regionally, we repeated the analyses described
above by stratifying the data by ecozone where both defolia-
tion and L2 data were available (i.e., Atlantic Maritime and
Boreal Shield; Fig. 1). Since we were interested in the po-
tential regional differences in the timing between increasing
SBW densities and subsequent defoliation, we built separate
models instead of including ecozone as a covariate. Differ-
ences among regions were then evaluated by comparing the
weights A estimated by the optimization procedure for each
ecozone.

Model performance

Using the estimated local population growth rates, we fore-
cast local population densities for 2019 and 2020 at 496 loca-
tions where L2 densities were measured between 2016 and
2018. The estimated densities were then compiled into a sin-
gle predictor (lagged L2 using eq. 5) and added to the mixed-
effects logistic regression, including the relevant environ-
mental variables (proportion of balsam fir and black spruce,
see Results) to predict the probability of defoliation at each
site.

We then compared the predicted defoliation probabilities
to the true defoliation status recorded by aerial surveys (MFFP
2020) and assessed the model performance using ROC (re-
ceiver operating characteristic) curve, PR (precision-recall)
curve, and AUC (area under the curve) using the precrec R

package (Saito and Rehmsmeier 2017). AROC curve shows the
performance of a binary classification model by plotting the
true positive and the false positive rates at different thresh-
old values. The PR curve illustrates the trade-off between pre-
cision and recall for different thresholds; high precision is
associated with a low false positive rate, while a high recall
is related to a low false negative rate.

Results

Population trends

Spruce budworm L2 densities ranged from 0 to a maxi-
mum of 774 larvae on a single branch observed in 2018 in
a site located in Québec Cote-Nord (Supplementary Table S1).
We found that SBW growth rates ranged from —0.57 to 0.86
across Quebec between the years 2001 and 2018, with an aver-
age of 0.26 (Fig. 2). Most local populations (86%) showed pos-
itive growth rates. The best model to explain local growth
rates included four predictors: latitude, elevation, hardwood
proportion, and slope (R* = 0.45, Fj5 5851 = 100.5, p < 0.001; Ta-
ble 1; Fig. S1). While the models showed no two-way interac-
tions, a three-way interaction between elevation, hardwood
proportion, and slope was significant (8 = 0.015, SE = 0.007,
t(585)= 2.201, p value = 0.028). The latitudinal gradient was
the strongest correlate (R?para1 = 0.43; Table 1; Fig. S1), with
faster population growth at higher latitudes. Additionally,
contrary to previous findings, the proportion of hardwood
in the stand was positively correlated with SBW population
growth rates; faster population growth (between 2001 and
2018) seems to be linked to a higher proportion of hardwood
species (Table 1).

Defoliation model

The proportion of sites exhibiting any level of defoliation
varied annually but increased as the outbreak progressed,
reaching 31% in 2018, of which 18% showed moderate or se-
vere defoliation (Table S1). We found that the relationship be-
tween SBW density and defoliation was dependent on both
environmental and temporal factors. Temporally, the occur-
rence of defoliation showed a time lag wherein SBW densi-
ties from 2 years past were most predictive of defoliation in
a given year. However, defoliation was best predicted by a 3-
year cumulative effect of SBW density, with relative weights
for each year shown in eq. 6 and lag 2-year having the highest
relative weight.

(6) Liy=029In(Ni;_ 1 +1)+0.591In (N;_, + 1)
+0.121n (Ni,t73 + 1)

Only 3 preceding years needed to be considered, as earlier
years had virtually no effect (weights ~0) and thus were not
influential in explaining the observation of defoliation (Sup-
plementary Table S3). The analysis of single-year lag L2 densi-
ties highlighted the explanatory power of lag 2 years, but the
cumulative densities predictor outperformed any single-year
lag (Supplementary Table S3). The most parsimonious model
contained the lagged L2 predictor (L) and the proportion of
balsam fir and black spruce (Table 2). The marginal and con-
ditional R?gpyy were 0.62 and 0.78, respectively.
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densities of spruce budworm (Choristoneura fumiferana) second instar larvae at locations sampled in (A) 2006,

(B) 2012, and (C) 2018. The three ecozones of Québec below the 52nd parallel (Boreal Shield, Mixedwood Plains, and Atlantic
Maritime) are also shown. The maps were created in R (v. 4.3.3; R Core Team 2024), using ecozone shapefiles from the Canadian
Council on Ecological Areas (CCEA 2014), and the basemaps R package (Schwalb-Willmann 2024). Basemap: Voyager by CARTO
© CARTO, map data: © OpenStreetMap contributors.
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Fig. 2. Map of estimated growth rates of local populations of spruce budworm (Choristoneura fumiferana) between 2001 and 2018
during the ongoing outbreak (2006 to present). Positive values correspond to an increase in population density (the higher, the
faster), and negative values to a decrease. The map was created in R (v. 4.3.3; R Core Team 2024) using the basemaps R package
(Schwalb-Willmann 2024). Basemap: Voyager by CARTO © CARTO, map data: © OpenStreetMap contributors.
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Table 1. We show the partial R? of each predictor explaining the growth rates of local
spruce budworm (Choristoneura fumiferana) populations in Québec between 2001 and
2018.
Predictors Rzparﬁal Coefficients SE Lower CI Upper CI
Latitude 0.432 0.168 0.008 0.152 0.183
Hardwood 0.007 0.021 0.008 0.005 0.035
Elevation 0.003 0.016 0.007 0.001 0.030
Slope 0.002 —0.014 0.007 —0.028 0.0005
Note: The standardized coefficients, standard errors (SE), and 95% confidence intervals (CI) are also presented;
CI in bold exclude zero. The predictors were standardized before computing the model.
Table 2. Partial R?, odd ratios and standard errors (SE) of the predictors explaining
the presence or absence of defoliation caused by the current (2006 to present) spruce
budworm (Choristoneura fumiferana) outbreak in Québec.
Predictors Rzpmial 0Odd ratios SE Lower CI Upper CI
Lagged_L2 0.29 11.490 1.816 8.609 16.033
Prev_defol 0.03 9.727 2.225 6.207 15.238
Balsam fir 0.01 1.364 0.157 1.089 1.718
Black spruce 0.01 0.573 0.074 0.440 0.732
Note: “Lagged_L2” represents the cumulative densities of larvae 3 years before recording the defoliation status.
“Prev_defol” is a first-order temporal covariate (i.e., the status of defoliation the preceding year) forced into each
model. 95% confidence intervals are presented; CI in bold exclude 1. The random effect sites (n = 1093) had a
standard deviation of 1.505. The predictors were standardized before computing the model.
Effect of ecozones tial years were the three preceding defoliation. Generally,

We tested whether the relationship between lagged SBW  the patterns were conserved, with a lag of 2 years having
densities and defoliation varied spatially by computing our ~ the highest weight in each ecozone (0.63 and 0.54 for At-
model optimization separately for two ecozones (Atlantic lantic Maritime and Boreal Shield, respectively; Table 3). Us-
Maritime and Boreal Shield). The Mixedwood Plains ecozone  ing ecozone-specific lag weights did not improve the model’s
was not used for this analysis because it contained too few  fit compared to the weights from eq. 6, as informed by AIC
sites to accurately fit the model. Overall, we did not detect  (AAICecozonepooled = 5.458). From these results, we concluded
significant differences between ecozones. Similar to what that L2 densities have a similar effect on defoliation in both

we found when using our pooled data, the most influen- ecozones.
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Table 3. Impact of ecozone on the relationship between
lagged spruce budworm (Choristoneura fumiferana) larvae
densities and observed defoliation.

Ecozone No. of sites Lag1 Lag 2 Lag 3
Atlantic 271 0.27 0.63 0.11
Maritime

Boreal Shield 792 0.30 0.54 0.17
Mixedwood 21 NA NA NA

Plains

Note: Lag 1 to Lag 3 represent the lag years, from 1 year before the defolia-
tion status was recorded to 3 years before that. The weights for each lag year
were fitted and represented the relative importance of each year to explain
defoliation status, with higher weights meaning greater influence in the re-
lationship. The ecozone “Mixedwood Plains” was excluded from this analysis
because of a lack of data points.

Predicting defoliation

The defoliation model was built with lagged L2 (from eq. 6)
and defoliation data sampled between 2001 and 2018 (Table
2). This model was then used to predict defoliation status at
496 locations in 2019 and 2020 (Fig. 3), and we then com-
pared the predictions to the defoliation maps derived from
aerial surveys to assess prediction accuracy. The overall accu-
racy of the defoliation level classification was 0.91 and 0.78
for 2019 and 2020, respectively. The model showed good pre-
dictive performances with ROC and PR AUC values of 0.97 and
0.95, respectively, for the 2019 defoliation predictions and of
0.86 and 0.74 for the 2020 predictions. While the model used
defoliation as a binary response, we found a good correspon-
dence between the probability of defoliation and the three
defoliation levels (light, moderate, and severe) reported by
the MRNF (Fig. 4). The median probability of defoliation was
0.003, 0.82, 0.95, and 0.98 for no defoliation, light, moderate,
and severe defoliation, respectively (Fig. 4).

Finally, we showed that forest composition—in particu-
lar, the proportions of balsam fir and black spruce—strongly
influenced the relationship between increasing L2 densities
and future probability of defoliation (Fig. 5), and that defoli-
ation probability varied substantially for a specific L2 density
(Fig. 6). As an example, a density of 15 larvae per branch led
to an average probability of defoliation of 44%. However, this
defoliation risk was as low as 18% in stands with a low pro-
portion (<15%) of balsam fir and a high proportion (>50%)
of black spruce and reached 75% in stands with a high pro-
portion of balsam fir and low proportion of black spruce
(Fig. 6).

Discussion

The spruce budworm system is of significant interest to
researchers and forest managers because of its complex dy-
namics and the substantial economic losses caused by its out-
breaks (Pureswaran et al. 2016). Although this system has
been extensively studied, the early stages of outbreak dynam-
ics have received less attention (but see Régniére et al. 2019).
Early outbreak dynamics can be particularly important as
they influence the ensuing outbreak. By considering larval
densities alongside defoliation in our analyses, we clarified
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the relationship between increasing SBW densities and the
appearance of defoliation and shed light on the early stages
of outbreak development that led to large-scale defoliation
and tree mortality. While essential to effective forecasting
and risk mitigation (MacLean et al. 2000, 2019), the transi-
tion from low-density populations to visible damage is often
challenging to study if both data sources (population densi-
ties and defoliation) are not available at a large enough scale.
The time series population data used in the present study,
spanning from very low larvae to outbreak-level densities at
a location, enabled us to effectively model the growth rates
of local populations across the outbreak scale and offered an
unprecedented opportunity to study the early stages of an
outbreak at such large spatial-temporal scales.

Population trends and influence of

environment

Latitude was the strongest predictor of population growth,
with higher estimated SBW population growth rates in north-
ern parts of the province. A latitudinal trend in SBW pop-
ulations has been previously noted, with initial outbreak
centers occurring further north than previous epidemics
(Pureswaran et al. 2015; Boulanger et al. 2025). Furthermore,
outbreaks have been observed (MFFP 2020) and predicted
(Gray 2008; Régnieére et al. 2012) to shift northward, poten-
tially in response to the influence of climate change (Williams
and Liebhold 1997; De Grandpré et al. 2018; Boulanger et al.
2025). At least two mechanisms are thought to influence the
latitudinal range of the species (Candau and Fleming 2005;
Régniere et al. 2012). Warm conditions reduce overwinter-
ing survival and influence the southern limit of an outbreak
(Régniere et al. 2012). At higher latitudes, the moth’s ability
to complete its life cycle before it freezes is critical and re-
flects the northern limit (Régniére et al. 2012). However, our
study suggests that other factors related to latitude may be
at play beyond temperature. Even though latitude and tem-
perature are highly correlated, the model with latitude still
explained 10% more variation than a model where tempera-
ture replaced latitude. This might potentially occur because
of factors that also correlate with latitude, such as photope-
riod, a different or smaller natural enemy complex, or if lat-
itude is a better proxy for more complex effects of growing
season length, temperature extremes, or evapotranspiration
on population growth (Weber et al. 1999; Régniére et al. 2012;
Bouchard and Auger 2014; Marrec et al. 2018; Marshall and
Roe 2021). In addition, the current outbreak epicentres were
located at northern latitudes (e.g., Québec Codte-Nord), which
would influence the rate of growth of neighbouring popula-
tions because of proximity to source populations and disper-
sal from high-density sites (Anderson and Sturtevant 2011;
Bouchard and Auger 2014). This could, in turn, exacerbate
the latitudinal gradient we observed.

We also found that elevation influences local population
growth rates, which is consistent with previous work that
examined defoliation patterns (Bouchard and Auger 2014).
Elevation is expected to affect insect populations through
its influence on temperature and host species (Hodkinson
2005). The weak but positive relationship between eleva-
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Fig. 3. Estimated probabilities of defoliation due to the current spruce budworm (Choristoneura fumiferana) outbreak (2006 to
present) for the years 2019 (A) and 2020 (B). The black squares indicate sites not aerially surveyed for defoliation that year. The
maps were created in R (v. 4.3.3; R Core Team 2024) using the basemaps R package (Schwalb-Willmann 2024). Basemap: Voyager

by CARTO © CARTO, map data: © OpenStreetMap contributors.
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tion and growth rates could be explained in part by more
suitable, colder temperatures at higher elevations, in con-
trast to warmer temperatures at low elevations, which
can lead to a decrease in overwintering survival (Régniere et
al. 2012).

Finally, we did not find evidence that the proportion of
host species influences population growth rates (but it did af-
fect defoliation as addressed below). Although previous work
highlighted the importance of host species due to varying
phenological matches or mismatches (Nealis and Régniere
2004), we found no such effects, consistent with Li et al.
(2020). Our results showed that the proportion of hardwood
species was positively correlated with higher growth rates.
This was surprising since hardwood species are often iden-
tified in the literature as having greater parasitoid richness
and parasitism rates, which are expected to have negative im-
pacts on SBW populations (Cappuccino et al. 1998; Eveleigh
et al. 2007; Marrec et al. 2018; Zhang et al. 2018). However, a

recent study (McNie et al. 2023) found that a higher relative
content of hardwoods at the landscape scale was associated
with an increased risk of defoliation onset, contrary to the
previously described protective effect of hardwood species at
the local scale. One potential explanation could relate to a re-
source dilution effect, where stands with a higher proportion
of hardwood species result in a higher concentration of larvae
on relatively few host trees, leading to higher densities per
branch and potentially explaining the positive effect of hard-
wood proportion (Bognounou et al. 2017). Another potential
explanation is a delayed response by parasitoid natural en-
emies during the early phase of the increase in SBW popu-
lations. This delay may arise as parasitoids gradually aggre-
gate in areas of increasing SBW density and shift away from
alternative lepidopteran hosts (Eveleigh et al. 2007). Taken
together, these mechanisms may help explain the relatively
weak positive relationship observed between hardwood pro-
portion and defoliation.
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Fig. 4. Relationship between the predicted probabilities of defoliation in 2019 caused by spruce budworm (Choristoneura fu-
miferana) in Québec with the observed defoliation levels from aerial surveys of defoliation conducted by the Ministry of Natural
Resources and Forests (MRNF).
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Fig. 5. Relationship between the probability of defoliation in 3 years and the L2 densities observed per branch. The solid line
represents forest stands with high (>50%) proportions of balsam fir (Abies balsamea) and low proportions (<15%) of black spruce
(Picea mariana). The dashed line represents forest stands with low proportions (<15%) of balsam fir and high proportions (>50%)
of black spruce.
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The impact of outbreaking insects on their hosts may not (Régniere et al. 2019). We explicitly searched for and detected
be immediately apparent, as the damage only becomes visi- ~ a time lag of effect such that larval SBW density 2 years
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Fig. 6. Predicted probabilities of defoliation in 3 years depending on different spruce budworm (Choristoneura fumiferana) larvae
densities per branch and forest composition at the location of interest. The forest composition is expressed as the proportion
of balsam fir (Abies balsamea) and black spruce (Picea mariana) in three different classes (low, intermediate, and high). The
defoliation status at the previous time step (temporal covariate included in the model) was set to “no defoliation” to capture
the probability of transitioning from not defoliated to defoliated.
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before the observation of defoliation had the largest influ-
ence on the probability of defoliation. While larval density
2 years before defoliation was a strong predictor of single-
year impacts, the cumulative densities of larvae over the 3
years preceding defoliation best explained defoliation pat-
terns. This result remained consistent across ecozones, indi-
cating that the relationship between increasing local popula-
tion densities and the onset of defoliation holds throughout
the outbreak range in Québec. This lag indicates a tempo-
ral delay between the transition of SBW larvae to outbreak-
ing densities and the detectability of an outbreak by aerial
surveys (Germain et al. 2021). Identifying this lag enhances
our understanding of the critical transition phase and pro-
vides valuable insights into the early-stage dynamics of an
outbreak.

To date, studies investigating a temporal lag have relied on
data from 1 year to predict outbreak conditions in the fol-
lowing year (Li et al. 2020; Régniere et al. 2023). Outbreaks
are inherently temporal processes, with current conditions
shaped by previous years (Kneeshaw et al. 2024). Character-
izing interannual dynamics and how increasing population
densities lead to defoliation is critical for understanding out-
break development and improving predictive models. In our
study, the 3-year cumulative lag increases the window of op-
portunity to predict defoliation risk before damage occurs.
This aligns with the time frame described in Germain et al.
(2021), where they showed that the presence probability of
certain bird species (mostly bay-breasted warblers (Setophaga
castanea)) increased 3-4 years before observing defoliation.
Using the time lag described here, together with data from
the L2 monitoring program, represents a significant improve-
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ment in our capacity to forecast outbreak risk and identify
areas at high risk of future defoliation.

Defoliation and forest composition

Besides the lagged densities of L2, forest composition was
found to be an important predictor of defoliation, in partic-
ular the proportions of balsam fir and black spruce. The pos-
itive relationship between defoliation and the proportion of
balsam fir was expected and is well-known in the SBW liter-
ature (Bouchard et al. 2005; Hennigar et al. 2008; Bouchard
and Auger 2014). Balsam fir is the preferred host of SBW, and
the matching phenology between larval emergence and bud-
burst makes it the most susceptible and vulnerable species to
SBW defoliation (Hennigar et al. 2008).

Defoliation decreased as the proportion of black spruce in-
creased, as previously described (Blais 1957; Hennigar et al.
2008). Budburst in black spruce is typically later than that
of balsam fir, which results in less synchronized phenologies
between budworm and host and limits the overall defolia-
tion (Hennigar et al. 2008). That phenological mismatch also
leads to a lower rate of development and an increased mor-
tality rate of larvae when they feed on black spruce (Blais
1957). McNie et al. (2023) found that a higher relative pro-
portion of black spruce decreases the risk of outbreak onset
and ensuing mortality. However, Bellemin-Noél et al. (2021)
showed that climate change could disrupt that relationship
by inducing earlier black spruce budburst following higher
temperatures, leading to a better synchronization with bud-
worm emergence and an increased vulnerability to SBW de-
foliation.
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We observed a negative relationship between defoliation
and the proportion of black spruce, which does not indicate
better synchronization. However, we did observe a strong
latitudinal gradient in SBW growth rates, which could be
a glimpse into a future where SBW are performing well at
higher latitudes. Outbreaks are predicted to shift their limit
northward in black spruce dominated boreal forests (Candau
and Fleming 2011; Régniere et al. 2012), which could cause
larger outbreaks if the phenological match between black
spruce and spruce budworm improves (Pureswaran et al.
2015; Bellemin-Noél et al. 2021). An increase in outbreak
severity and host-tree mortality in northern black spruce
forests could modify ecosystem dynamics, leading to a range
of consequences, from forest productivity and resilience, dis-
turbance interactions, and economic impacts (Pureswaran et
al. 2015). Further research is needed to improve our under-
standing and forecasts of how spruce budworm populations,
their host trees, and natural enemies will respond to the
changing climate in the coming decades, and consequently,
whether the severity of future outbreaks is likely to increase
or decrease (Pureswaran et al. 2015; Boulanger et al. 2025).

Predicting defoliation

A central aspect of spruce budworm research involves pre-
dicting outbreak development, and anticipating defoliation
is an important component of this effort. Here, we focused
on forecasting defoliation for the current outbreak. We pre-
dicted the presence of defoliation in 2019 and 2020 with
high accuracy and found that the models performed well.
The models integrated L2 densities and forest composition to
generate context-specific predictions based on environmen-
tal conditions. Notably, the L2 time series provided critical
information for proactively assessing defoliation risk. Our
findings demonstrate that cumulative larval densities over
3 years offer greater explanatory power. This approach im-
proved prediction accuracy and enabled earlier forecasting
of defoliation.

In addition, extensive monitoring of spruce budworm lar-
vae allows for defoliation predictions in areas where aerial
surveys were not conducted in a given year. While defo-
liation maps are primarily generated using aerial surveys
and, more recently, satellite imagery (MFFP 2020), L2 den-
sities can help address gaps in these maps. For example,
Anticosti Island was not surveyed for defoliation in 2019,
but we forecast the probability of defoliation in 2019 with
the L2 densities monitored in previous years and given
the location-specific forest composition (Fig. 3). While for-
est managers may have anticipated some amount of defoli-
ation in the year not surveyed given the proximity to defoli-
ated sites in the previous year, our model provides more fine-
tuned predictions based on larvae densities and environmen-
tal factors and suggests that defoliation should have been
surveyed.

Furthermore, the predicted probabilities of defoliation cor-
responded to the three defoliation levels used in Québec
(MFFP 2020). Light defoliation showed a broad range of prob-
abilities, which was not surprising given the lower reliability
of accurately classifying forests with less than 30% defolia-
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tion (MacLean and MacKinnon 1996). Importantly, the rela-
tionship was especially strong for moderate and severe de-
foliation, which are often the levels of interest. Specifically,
the average L2 density associated with the median probabil-
ity of moderate defoliation in the most vulnerable stands
(high and low proportions of balsam fir and black spruce,
respectively) was 50 L2. Alternatively, a more conservative
estimate corresponding to the first quartile of moderate de-
foliation was a density of 34 L2 per branch. In the contrast-
ing forest composition scenario (low and high proportions of
balsam fir and black spruce, respectively), the L2 densities
corresponding to moderate defoliation were much higher,
as expected (Blais 1957; Hennigar et al. 2008). Notably, we
see a sharp increase in defoliation probability as soon as
the L2 densities start to increase for the most vulnerable
stands.

While we present L2 values associated with at least mod-
erate defoliation, they should be treated with caution. These
values are not conservative estimates, and once the L2s reach
these densities, some level of defoliation will likely have oc-
curred. Additionally, our analysis focuses on a 3-year time
window where the conditions are assumed constant, but pop-
ulations grow, and the probability and severity of defoliation
can change over time. A more complete approach, and av-
enue for future research, could develop a broader, tempo-
rally explicit risk framework that integrates environmental
factors, prior defoliation, and population dynamics.

As a potential future direction, researchers could explore
the application of our findings to management. For instance,
our model suggests that early forecasts of defoliation risk are
possible, upto 3 years before defoliation becomes visible, pro-
viding a longer timeframe for planning responses. This could
potentially offer benefits for management strategies focus-
ing on protecting valuable stands until harvest (i.e., foliage
protection) (MacLean et al. 2001), although given the matu-
rity of current SBW management programs, any potential
change would need to be considered carefully with further
analyses.

Conclusion

The present study is one of the first efforts to explore the
relationships between low but rising insect densities and de-
foliation across a SBW outbreak range. Understanding this
relationship is essential to better predict outbreak develop-
ment and accurately forecast the occurrence of defoliation.
We leveraged long-term surveillance data of early instar lar-
vae densities collected across Québec to develop novel in-
sights into the dynamics of a forest insect outbreak from
onset to nearing its peak. The latitudinal gradient identified
in the population growth rates shows enhanced SBW perfor-
mance in the northern parts of the epidemic, which could
illustrate the impacts of climate change on the SBW system.
The best predictor of defoliation emerged when considering
the cumulative influence of larval densities over 3 years. Al-
though defoliation is typically the metric of interest, we show
the value of monitoring early instar larvae and recommend
including cumulative insect densities in outbreak models to
enable earlier defoliation forecasts.
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