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Anthropogenic climate change is contributing to increased insect infestation
globally, leading to pest population growth, expansion of niche and geographic
ranges as well as increased outbreak frequencies, resulting in economic losses
and reduction in food security. In recent years, spongy moth (Lymantria dispar
dispar), jack pine budworm (Choristoneura pinus pinus), large aspen tortrix
(Choristoneura conflictana) and spruce budworm (Choristoneura fumiferana)
caused widespread defoliation across one of Canada’s most forested provinces,
Ontario. Observations of such outbreaks have been limited to field sightings
around Ontario, with few studies focused on mapping of outbreak occurrence
across the province or exploring potential anthropogenic and climatic drivers of
infestation. Using random forest probability estimates and satellite data
resampled to 1 km spatial resolution from the Moderate Resolution Imaging
Spectroradiometer (MODIS), we reveal greater expansion of insect defoliation
across Ontario between 2018 and 2020 than previously recorded. Much of the
geographic expansion of outbreaks was driven by increasing temperature, and
the proximity of roads. With ongoing global warming and growing economic
development, infestations will not only continue to increase across Ontario but
also expand northward due to their responses to accelerated warming at higher
latitudes. This expansion presents an important and alarming new challenge for
forest conservation and management in Ontario, in particular, and Canada
in general.
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1 Introduction

Understanding and predicting the consequences of climatic
changes in forest ecosystems is emerging as one of the major
challenges for global change scientists (Boisvenue and Running,
2006; Bonan, 2008). Globally, societies heavily rely on forests for
essential services such as timber, watershed protection, and
recreational and aesthetic benefits (Maroschek et al., 2009; Thom
and Seidl, 2016). The effects of climate change on forests include
both positive (e.g., increased forest growth from CO, fertilization,
increased water use efficiency, and longer growing seasons) and
negative responses (e.g., increases in stress and tree mortality, and
changes in dynamics of forest insect) (Ayres and Lombardero, 20005
Bachelet et al., 2003; Lucht et al., 2006; Scholze et al., 2006; Lloyd
and Bunn, 2007; Seidl et al., 2017; Gonsamo et al., 2017; 2021).

With current best estimates of changes in climate indicating an
increase in global mean annual temperatures of 1.5°C by 2025 and
4°C by the end of the next century (Baker et al., 2018), considerable
uncertainty remains in modeling how these processes will affect
current and future tree growth and mortality events and forest
carbon budgets (Hanson and Weltzin, 2000; Bugmann, 2001;
Hollaus and Vreugdenhil, 2019). Outbreaks of forest insects are
major agents of mortality and ecosystem change in forests
worldwide, with climate being an important driver of changes to
disturbance regimes mediated by forest insects (Pureswaran et al.,
2018). Changes in climate may result in changing geographical
distribution, increased overwintering, changes in population
growth rates, increases in the number of generations, extension of
the development season, changes in crop-pest synchrony, changes
in interspecific interactions and increased risk of invasion by
migrant pests (see Porter and Coon, 1991; Pureswaran et al,,
2018; Lehmann et al, 2020). Although a range of responses can
and should be expected, recent cases of increased tree mortality and
die-offs triggered by insect infestation raise the possibility that
amplified forest mortality may already be occurring in some
locations in response to global climate change (Allen et al,, 2010).

As a landscape-scale disturbance event, insect outbreaks also
play an important role in the carbon flux in boreal forests (Kurz and
Apps, 1999; Volney and Fleming, 2000). Defoliation during insect
outbreaks reduces the rate of carbon accumulation by the host trees
via reducing their growth. This often results in tree mortality, which
abruptly increases the mass of dead organic matter where carbon is
transferred to the atmosphere through decomposition (Gray et al.,
2007). Increasing concentrations of carbon dioxide in the
atmosphere are a major cause of global warming, creating a
feedback loop for further proliferation of insect infestations.

Across Ontario, Canada, several defoliators have expanded their
range in recent years causing widespread outbreaks (Liebhold et al.,
1992; Regniére et al., 2009; Tobin et al., 2004; NDMNRF, 2020).
Species which have had recent moderate to severe forest disturbances
have included the spongy moth (Lymantria dispar dispar), jack pine
budworm (Choristoneura pinus pinus), large aspen tortrix
(Choristoneura conflictana) and spruce budworm (Choristoneura
fumiferana) (NDMNRE, 2022). Most of these species are native to
Canada (jack pine budworm, spruce budworm and large aspen
tortrix) while the spongy moth is an example of an invasive
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defoliator that expanded its current range across Eastern United
States and Southeastern Canada (Liebhold et al., 1992; Regniere et al.,
2009; Tobin et al., 2004). L. dispar moth is native to the temperate
forests of Europe and Asia (Regniere et al., 2009).

Outbreaks often follow different trajectories associated with
specific ecological traits and target tree species. For instance, large
aspen tortrix infestations are short-lived (2-3 years) and found
earlier in the season. This species targets trembling aspen (Populus
tremuloides), white birch (Betula papyrifera), willow (Salix spp.)
and alder (Alnus spp.) but can also be found on balsam poplar
(Populus balsamifera) and chokecherry (Prunus virginiana). Jack
pine budworm periodically reaches outbreak levels every 8-10 years
and prefers jack pine (Pinus banksiana) and other conifers such as
eastern white pine (Pinus strobus), red pine (Pinus resinosa) and
Scots pine (Pinus sylvestris). Spruce budworm is the most
destructive pest of balsam fir (Abies balsamea) and white spruce
(Picea glauca) forests in Canada, which is a historically important
timber species. The larvae of spruce budworm are considered
wasteful feeders, as they only eat partial needles and then move
on to other needles. L. dispar moth infestations maintain a cyclical
pattern in which exponential population growth causes major
infestations for 3—-4 years, with the insect then lying dormant for
7-8 years (Benoit and Lachance, 1990). The larvae of this moth are
voracious folivores that can feed nearly 300 species of broadleaf and
coniferous trees during their peak feeding season (Elkinton and
Liebhold, 1990), significantly affecting tree growth. This
combination of outbreak dynamics, broad polyphagy and long
larval duration grants these species the ability to rapidly expand
across forested areas such as those found in Ontario, one of
Canada’s most forested provinces.

Areas at risk of infestations in Canada are expected to double or
triple over the next 50 years due to increasingly warmer summers,
allowing the insect to complete its life cycle consistently in
geographic areas that so far have been protected due to
unfavorable climate. Across Canada, certain forest types seem
more susceptible to infestation, such as deciduous, closed (dense)
and open (thin) mixed forests (Cihlar et al., 2002). Forests across
northern and eastern Canada has so far been protected from
infestation by cold temperatures (Regniere et al 2009; 2012). but
with increasing temperatures, the fate of these forests are unknown.
Further, increasing human traffic may lead to deposition of eggs as
some host plants flourish in disturbed areas (Lyons and Liebhold,
1992), triggering different dispersion pathways. However, little
formal studies exist that explore probable drivers connected with
insect infestation in Canada not associated with climatic studies.

Insect infestation has also been associated with other
compounding ecological damages. For instance, the frass excreted
by the L. dispar caterpillars contains a high concentration of
nitrogen (N) because these defoliators are ineffective at
assimilating foliar N (Lovett et al, 2002). As a result, this N-rich
frass leaches into catchment basins, increasing the N concentration
in lakes by an average of 0.03 mg L; (Woodman et al,, 2021), which
in turn stimulates conditions for increased microbial activity.
Growing microbial populations discharges CO, as an element of
egestion, resulting in a recurring pattern of increasing microbial
activity and CO, accumulation near the surface of lakes
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(Woodman et al,, 2021). The presence of CO, in large quantities
near lake surfaces suppresses the growth of CO, assimilating algae
(Raven et al., 2012), further exacerbating CO, concentrations.

Given the magnitude of damage caused by insects and their
potential to spread over the next few years, early detection and
monitoring of infestations throughout Ontario is crucial. As zones
immediately adjacent to infested areas become more suitable
because of rising temperatures, invasion will be fast if suitable
hosts are present (Regniere et al., 2009). However, detecting and
monitoring infestation levels in a vast landscape as Ontario requires
extensive fieldwork. Thus far, only a limited number of field
observations have been conducted in the province. Such studies
also miss the opportunity to assess potential drivers of infestation
across the landscape. The increased frequency of infestations and
their ecological and economic impacts requires the use of advanced
technologies. Remote sensing is a valuable tool that provides
frequent and spatially continuous data on vegetation conditions
and has been previously explored for detecting forest insect
infestation (Niemann and Visintini, 2005; Hollaus and
Vreugdenhil, 2019; Ye et al., 2021; Romeiro et al., 2022).

Freely accessible moderate-resolution satellite datasets such as the
250 m imagery from spatial resolution Moderate Resolution
Spectroradiometer (MODIS) have great potential to characterize
subtle changes in forest canopies by capturing low-magnitude
spectral changes in seasonal observations. Here, we make use of the
MODIS satellite observations and field data to comprehensively
evaluate insect infestation across Ontario, Canada, over a 3-year
period (2018-2020). We specifically consider the 1) magnitude of
occurrence using a random forest classification, 2) the probability or
likelihood of infestation occurrence, and 3) the human and
environmental drivers of infestation events. These analyses provide
foundational and critical insights into shifts in potential drivers of
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infestation and establish a barometer for evaluating the effectiveness
of government intervention and management strategies.

2 Materials and methods

Our approach involved three steps: (i) identifying infestation
occurrence using ground truth data and MODIS satellite
observations; (ii) estimating likelihood of infestation using
random forest probability; and (iii) determining probable drivers
of infestation. Figure 1 provides an overview of methods used to
process and analyze satellite observations and ground data.

2.1 Study region

The study area is the province of Ontario, Canada’s second-
largest province, covering nearly 1 million km? (Figure 2) with
forest ecosystems ranging from temperate to subarctic forests. In
summer, temperature ranges between 30-35°C, while winter can go
below —40°C. Approximately 66% of Ontario is classified as forest
lands (70 million ha), including the deciduous forest of southern
Ontario, the Great Lakes — St. Lawrence Forest of central Ontario,
the Boreal Forest and the Hudson Bay Lowlands Forest in the north.
A very small region of southern Ontario also includes
Carolinian forest.

2.2 Infestation mapping

We acquired ground data of insect infestation from the Ontario
GeoHub database (https://geohub.lio.gov.on.ca/documents/lio:
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Schematic workflow of MODIS observation processing and data analysis: (A) processing of MODIS satellite observations; (B) obtaining of infested
and non-infested training samples from ground measurements; (C) training random forest using spatial cross validation; (D) random forest
classification using training sample to (E) estimate likelihood of occurrence (probability estimate); and (F) correlation analysis of the data.
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FIGURE 2

Insect infestation in Ontario, Canada from 2018 to 2020 based on field observations from Ontario GeoHub.

forest-insect-damage-event/about), filtering the infestation by year
(2018-2020) and damage severity (moderate to severe, 25-100%
damage; severe, 75-100% damage; and mortality ranking). We
assumed that the Ontario GeoHub database is indicative of all
known infested and non-infested sites, even though this may not be
the case in reality. Based on paucity of data points across all study
years, several species were excluded from this analysis. Selected
species for this study included L. dispar, C. pinus, C. conflictana and
C. fumiferana. Due to the scarcity of samples of some species, we
treated all of them as the “defoliators” class, turning the problem
into a binary classification task.

To train our model, we used covariates from the 250 m spatial
resolution Moderate Resolution Spectroradiometer (MODIS)
satellite observations. Surface reflectance of red and near infrared
were extracted from version 6 MODO09QI product while the
normalized difference vegetation index (NDVI) was extracted from
version 6 MOD13Q1 product and thermal bands were taken from
version 6.1 MODI11A1 product (Figure 3). We created bi-monthly
image composites (mean and standard deviation) from the
reflectance, NDVI, and thermal MODIS products during the
growing season, from April to August, resampling all products to
1 km spatial resolution to match the corresponding thermal product.
We noted that infestation cycles can commence anywhere between
April to August annually, contingent on species and temperature
fluctuations. MODIS was selected as our primary satellite data
source as it offered cloud free, high temporal resolution images to
compose the bimonthly datasets while accounting for the spectral
variability that may occur in the trees during the infestation cycle,
including the budburst of leaves in many tree species across Ontario,
between April and August. We also examined data from 30 m spatial
resolution Landsat-8 and 10 m spatial resolution Sentinel-2 satellites.
However, these satellites did not offer sufficient cloud free images
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across Ontario, resulting in significant mapping gaps and artifacts
(results not presented here).

To generate the infestation maps, we uploaded the ground data
from the Ontario geohub to the Google Earth Engine (GEE) platform.
Then, we rasterized a mask containing 29,315 and 47,130 pixels from
the infested and non-infested locations, respectively. The samples were
extracted from 2020, the year with the highest infestation rate, and we
trained the models using the data for this reference year.

Independent sample sets for each of the studied years were also
created for validation. Here, the number of samples ranged from
9,900 to 20,000 pixels, depending on infestation levels.

2.3 Random forest probability estimate

A random forest algorithm (RF) (Breiman, 2001) was trained on the
training samples from ground data and MODIS observations from each
year to classify MODIS pixels by likelihood of insect infestation. RF
combines a large number of trees trained upon random subsets of the
available labeled samples and features. Each tree contributes only one
class vote to each instance, and the result is determined by the majority
votes of all the forest trees (Hastie et al., 2009). In our experiments, we set
the number of trees in the “forest” (ntree), and the number of features/
predictors considered for each node in the trees (mtry) to 500 and 5,
respectively, after performing a grid search analysis.

To avoid spatial autocorrelation among samples, we trained the
RF algorithm by applying a 5-fold spatial cross-validation. In
particular, we divided the pixels annotated as infected into five
non-overlapping areas, where for each fold, an RF model was fitted
using samples from four locations, and the pixels associated with
the remaining area were employed to validate the model. To
compute the probabilistic maps, all five trained RF models were

frontiersin.org
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FIGURE 3

MODIS satellite observations showing mean (A) surface reflectance of red and near infrared bands; (B) normalized difference vegetation index
(NDVI); and (C) thermal bands across Ontario, Canada between 2018 and 2020 in Google Earth Engine.

evaluated during the cross-validation phase, generating the same
number of maps for 2018, 2019, and 2020. We reported the median
and standard deviation of probability maps. Probability thresholds
were calculated based on the percentage of pixels (Table 1), and
nonforest locations were masked out using the ALOS PALSAR
forest/nonforest product.

2.4 Calculation of human and
environmental drivers of infestation

Using the classified maps, we tested the correlation between the
occurrence of infestation and six environmental and human factors,

TABLE 1 Likelihood of occurrence threshold (probability estimate).

Probability threshold Description
(%)
0 No probability; associated with non-forested
areas
(0-10] Negligible probability
(10-30] Less Likely probability
(30-60] Likely probability
(60-90] Moderate probability
(90-100] High probability

Frontiers in Ecology and Evolution

namely temperature, precipitation, elevation, land cover, distance to
roads and location of protected areas (Figure 4). Temperature and
precipitation data between April and August were obtained from
TerraClimate (https://www.climatologylab.org/terraclimate.html)
at 4 km spatial resolution and were used as proxies to climate,
which plays a significant role on the ability of defoliants to complete
their life cycle (Regniere et al.,, 2009).

A digital elevation model (DEM) obtained from Advanced Land
Observing Satellite (ALOS, https://developers.google.com/earth-
engine/datasets/catalog/JAXA_ALOS_AW3D30_V3_2) was used
to produce an elevation map at 30 m spatial resolution. Land
cover data was obtained from the Ontario GeoHub database
(https://geohub.lio.gov.on.ca/documents/lio::ontario-land-cover-
compilation-v-2-0/about) to mask out the non-forest areas. We also
included protected areas that were obtained from Environment and
Climate Change Canada database (https://www.canada.ca/en/
environment-climate-change/services/national-wildlife-areas/
protected-conserved-areas-database.html) as a sign of human
footprint in remote areas, such as camping, logging, hiking and
other associated activities, that may favor the spread of infestation.
Finally, proximity to roads (data obtained from Ontario GeoHub,
https://geohub.lio.gov.on.ca/datasets/mnrf::ontario-road-network-
orn-road-net-element/about) was used to evaluate the direct
influence of human transportation on infestation occurrence.
Initially, our environmental and human variables were overlaid
on our probability maps, followed by a correlation analysis to
determine the likelihood of contributing factors to infestation levels.
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Human and environmental variables used to assess the drivers of infestation levels across Ontario: (A) average temperature from April to August,
(B) accumulated precipitation from April to August, (C) elevation, (D) protected areas including all parks and conservation areas, (E) road networks,

(F) land cover including coniferous and deciduous treed areas.

3 Results

3.1 Spatio-temporal occurrence
of infestation

Our results reveal considerable increase in insect infestation
across Ontario between 2018 and 2020 based on an RF probability
using MODIS satellite observations (Figure 5A). Between 2018 and
2020, the total area classified as having a high probability of
infestation across Ontario increased by >1,300%, from 2,900 km?
to over 42,000 km® (Figure 6). Most of this expansion occurred in
northwestern Ontario, along the border of neighboring province,
Manitoba, while secondary incidences were observed in southern
Ontario. Conversely, the proportion of pixels experiencing
“moderate” (60-90%), “likely” (30-60%) and “less likely” (10-
30%) probability thresholds decreased by 18%, 43% and 25.5%
respectively during the same period (see Figure 6).

In 2018, spatial hotspots of infestation were concentrated along
the northwestern Kenora, Rainy River and Thunder Bay, as well as
in southern counties of Northumberland, Peterborough, Kawartha
Lakes, extending into Sudbury and Timiskaming. In 2019, most of
the infestation was concentrated along the northwestern part of the
province. By 2020, the intensity of occurrence of hotspots increased
along northwestern Ontario, extending southwesterly towards the
“golden horseshoe”.
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3.2 Human and environmental drivers
of infestation

From our analysis, recurring patterns emerged across two
regions, namely southern Ontario near the golden horseshoe, and
northwestern Ontario. Among these regions, large deviations in
average temperature, elevation, accessibility, and vegetation type
exist. However, these areas being indicated as hotspots may suggest
some correlation in drivers of infestation. By determining what
factors drive infestation, we may be able to (a) predict how
populations will expand in the future, and (b) find appropriate
methods to mitigate and/or eliminate future proliferation.

Based on correlation analysis, proximity to roads and
temperature were the most important drivers of infestation
occurrence across Ontario (Figure 7). There was a strong negative
correlation between the Ontario provincial road network and
infestation levels, i.e., the closer the roads, the higher the
likelihood of infestation (p < 0.001). This was particularly
noticeable towards northwestern Ontario. On the other hand, our
analysis showed strong positive correlation with temperature, i.e.,
the higher the temperature increase the higher the probability of
infestation (p < 0.001).

All other variables showed significant correlation (p < 0.01)
albeit with smaller contributions to hotspots (see Figure 7).
Precipitation emerged as having a weak negative correlation with
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FIGURE 5

Annual (A) mean, (B) median and (C) standard deviation of our cross-validation maps from 2018 to 2020 using a k-fold of five. For mean and
median, higher values indicate higher confidence of predictions (probability). Higher standard deviation values are associated with increasing
uncertainty of each pixel of the model within our study region. White regions indicate non-forests.
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FIGURE 6
Area of annual infestation occurrence (km?) for Ontario from 2018 to 2020 based on random forest classification.
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FIGURE 7

Correlation analysis of human and environmental drivers of infestation between 2018 and 2020. O to 1 (blue) indicates positive correlation, while 0

to —1 (orange-red) indicates negative correlation.

infestation (correlation range > —0.25), while elevation, protected
areas and land cover emerged as having positive but weak
correlation (correlation range < 0.25) with infestation.

3.3 Accuracy analysis

The average overall accuracy of our probability estimate was
88%, while the recall, precision, and F1 score metrics were 92%,
94%, and 93%, respectively. Recall measures the model’s capability
to identify the True samples, while precision quantifies the number
of correct predictions. F1 score summarizes the model performance
computing the harmonic mean between recall and precision.
Figure 5 highlights the yearly mean, median and standard
deviation of our cross-validation using a k-fold of five.

4 Discussion

Our findings paint a more complex picture of insect infestation
than previously recorded across Ontario, Canada. While the
reported observations in southern and some part of northern
Ontario from government agencies have been captured in our
analysis, we also documented larger, more widespread infestation
across the northwest and northeast expanding into the southern
part of the province.

By 2021, the Ontario government reported major outbreaks of
insect infestation of L. dispar, C. pinus, C. conflictana and C.
fumiferana and resulting moderate to severe defoliation in
northwest, northeast and eastern districts (NDMNRF, 2022). In
2020, jack pine budworm defoliated approximately 10,658 km* of
forest, mainly in the northwest region (NDMNRF, 2021). This was a
41% increase from 2018 (6,275 km?, NDMNREF, 2019). Infestation
levels of large aspen tortrix decreased to 228 km® by 2020 from
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392 km® in 2018 and were primarily detected in Chapleau and
Timmins districts in the northeast (NDMNRE, 2019; NDMNRE,
2021). Defoliation caused by spongy moth was mapped in only
southern Ontario, increasing from 149 km?* in 2018 to 5,864 km?> by
2020 and was detected in southern districts including
Northumberland, Hastings, Peterborough, and Kawartha Lakes
counties (NDMNRF, 2019; NDMNRF, 2021). The area of spruce
budworm defoliation increased from 1,371 km? in 2018 to 4,424 km?
in 2020, mainly detected in northeast regions (NDMNRF, 2019;
NDMNREF, 2021). An aggregate of 21,174 km? of forests were
defoliated by our study species by 2020. Although the above
regions were captured within our analysis, our study also revealed
considerable expansion of infestation (a total area of 239,603 km?
based on moderate to high probability estimates) in the north and
south. Defoliation expanded in the districts of Cochrane, Timmins,
Dryden, Sioux Lookout, Kenora, Nipigon, Fort France, Red Lake,
Chapleau, Sudbury, Hearst, Kirkland Lake, North Bay, Sault Ste.
Marie, southern parts of Wawa, North Bay, Parry Sound,
Peterborough, Peterborough, Bancroft, Kemptville, Midhurst,
Pembroke, Hastings, Aylmer, Guelp, Aurora, Northumberland,
Kawartha Lakes. In 2020, defoliation was recorded in Algonquin
Provincial Park, which corresponded to government reports in 2021
(NDMNRE, 2022).

The expansion of insect infestation across Ontario appears to be
significantly correlated with the Ontario provincial road network,
especially logging roads in the north, whereas roads in the south are
used by a greater demographic of commuters (see Figure 7).
Therefore, areas near roads will more likely be prone to
increasing infestations. For instance, these findings confirm
Benoit and Lachance’s (1990) reporting of species such as L.
dispar where although wind is the primary, natural dispersal of
their caterpillars, human transportation is responsible for their
long-range dispersal. Ciesla and Kruse (2009) noted that
outbreaks of large aspen tortrix may be associated with recreation
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sites and home sites in urban-wildland interface. Furthermore, our
findings suggest that jack pine budworm and spruce budworm are
the major species causing defoliation in the northwest and northeast
of the province, and their expansion may be linked to proximity to
roads. Government reports corroborated our findings (NDMNRF,
2019; NDMNRF, 2021) but we have found no papers which
examine other drivers of infestation of these species outside of
climatic analysis.

Additionally, high infestation showed a positive correlation
with temperature across the province. With rising temperatures,
geographical ranges of insect pests may shift or expand into new
areas of suitable habitat at their northern limits and into higher
elevations, and species may potentially move to secondary hosts
(Williams and Liebhold, 1997; Candau and Fleming, 2011;
Pureswaran et al., 2015; Hartl-Meier et al., 2017). Temperature
anomalies may trigger early budburst of tree hosts, or cause late
emergence of larval defoliators, leading to phenological asynchrony
between species and their hosts (Jepsen et al., 2008; Regniere et al.,
2012; Pureswaran et al., 2015; Jakoby et al., 2019). Species such as C.
pinus and C. fumiferana are cold-blooded, with their body
temperature being determined by the temperature of their
surrounding environment. As temperature increases in the south,
these species are extending their range farther north (Wellington
et al., 1950; Greenbank, 1956; Pilon and Blais, 1961). Likewise, L.
dispar moths cannot start their life cycle below —20°C and their life
cycle is limited below 10°C (Benoit and Lachance, 1990). This may
explain why they were previously unrecorded in northeast and
some parts of southern Ontario. Then, suitable conditions are
provided, as temperature increases, for their eggs and larvae to
grow and develop, and this may explain why we saw increasing
expansion in the province.

Our results also agree with predictions made by Régniere et al
(2009; 2012). which predicted increasing migration northwards in
Ontario for several species based on climate suitability. Regniere et al.
(2009) indicated an increasing migration pattern of L. dispar moth
infestation towards the north and east of Ontario by > 50% by 2030,
and > 90% by 2070. Their predictions for 2020 are in line with our
maps suggesting an infestation hotspot in western Ontario, on the
border with Manitoba, an area only limited reported by ground data
(see NDMNREF, 2019; NDMNREF, 2021; NDMNREF, 2022). However,
our findings indicate a faster timeline for establishment of infestation
across the province than predicted by Regniere et al. (2009).
Additionally, Regniere et al. (2012) predicted that the distribution
of spruce budworm outbreaks is likely to shift northward and towards
higher elevations over the next 50 years in response to climate change
but may vary considerably due to the current distribution of the
insect’s three main host plants (balsam fir, white and red spruce).

While much of this expanding infestation may be linked to
climate, for propagation to occur suitable tree types must be
present. According to Cihlar et al. (2002), deciduous and mixed
forests are more susceptible to, for example, L. dispar moth
infestation, which is abundant in northern parts of Ontario, but
colder temperatures may have previously prevented their spread. We
examined whether forest type was linked with infestation levels, but
our analysis showed no correlation between infestation and forest
types. This may be because caterpillars of the L. dispar moths seldom
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feed on conifer trees but may do so if populations are high and most
of the leaves on deciduous trees (Figure 8), such as oaks, have already
been consumed. Likewise, the distribution of host plants for spruce
budworms can also be expected to change, many shifting towards
higher latitudes, over the longer term (Payette, 2007), and possibly
exacerbating the insect’s increasing northern impact (see Regnicre
etal, 2012). With jack pine budworm, outbreaks patterns may be the
result of inter-correlations between these abiotic variables and pollen-
cone production (Nealis and Lomic, 1994).

Although we did not find notable correlation between
infestation and other factors such as precipitation, elevation, and
land cover, other studies from agricultural experiments have shown
that increasing patterns of rainfall increase development time for
certain species of insects (Chen et al., 2019); while higher elevations
increase patterns of infestation for others (see Azrag et al., 2018).

Our results suggest that the protected area networks and current
federal management strategies have had limited success combating
the pervasive spread of insect incursion across the province within
our study period. Considerable mitigation strategies have been
implemented by authorities and private landowners to restrict the
expansion of infestation. These strategies encompass various forest
stand management techniques, such as avoiding the creation of
uneven-aged or multi-storied jack pine stands, steering clear of edge
stands or forest islands, and implementing accelerated harvesting
and salvage harvesting. Additionally, measures like aerial spraying
of bio-insecticide in specific areas, physically scraping off larvae
from infested tree trunks, establishing pheromone traps on infested
trees (Figure 8), applying bacterial insecticide Btk (Foray 76B) to
jack pine stands, and creating physical traps like burlap and duct
tape banding (Figure 8D) around tree trunks have been employed
(NDMNREF, 2019; NDMNRF, 2021; NDMNRF, 2022). Despite
these efforts, our results suggest that the management strategies
may either need revising or expanding to regions where current
practices are not implemented to account for factors such as
evolving insect behavior in response to changing environmental
conditions and potential resistance to control measures.

Further, as proximity to roads emerged as a major driver of
infestation, monitoring and management of transportation and
human activities may be required across the province. For
instance, Bigsby et al. (2011) showed that regulated activities by
state and federal governments in the United States correlated with
decreased presence of L. dispar moth, which could be implemented
within Ontario. Altogether, our results raise awareness of increasing
expansion of infestation that national-level statistics do not capture
and pose new challenges for conservation of Ontario’s forests.

Additionally, incorporating indigenous knowledge in forest
insect management practices, as proposed by Maloney (see
Maloney, 2019), may prove instrumental in limiting outbreaks
and infestation levels. To enhance the efficacy of these strategies,
it may also be crucial to explore innovative approaches such as
genetic modification of tree species for pest resistance and the
integration of advanced remote sensing technologies for more
precise monitoring and targeted intervention. Furthermore,
fostering collaborations between researchers, policymakers, and
industry stakeholders can lead to a more holistic and adaptive
approach in tackling this persistent threat.
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FIGURE 8

(A) Example of defoliation of a deciduous tree by L. dispar moths; (B) a pheromone trap placed by residents to capture moths from spreading;
(C) captured moths in pheromone traps; (D) duct tape banding employed to offer a physical obstruction to the mobility of moths.

5 Conclusions

Our study unveils a nuanced understanding of insect infestation
across Ontario, Canada. While government agencies captured
observations in southern and northern parts of Ontario, our
analysis revealed a larger and more widespread infestation level.
By 2021, the Ontario government reported major outbreaks of
infestation in various districts, corroborating our findings of more
extensive infestation. The expansion of infestation correlated
significantly with the provincial road network, particularly
logging roads in the north, indicating areas near roads are more
prone to increasing infestations.

Additionally, our results align with predictions of increasing
migration northwards of several species based on climate suitability.
Rising temperatures play a crucial role in the geographical range
expansion of insect pests, further exacerbated by phenological
shifts. Forest type did not emerge as a significant factor
influencing infestation levels, highlighting the complexity of the
interplay between insects and their host trees. While our study
provides valuable insights, it is evident that current management
strategies have had limited success in curbing the persistent spread
of infestation. Adapting these strategies to evolving insect behavior
and exploring innovation approaches, including advanced remote
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sensing for quick and effective monitoring, may offer more effective
solutions. Collaboration between stakeholders will be instrumental
in developing a holistic and adaptive approach to confront this
ongoing threat.
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