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A B S T R A C T

Eastern Spruce Budworm (ESBW) is a major agent of disturbance in Eastern Canada's boreal forests. Outbreaks have historically led to widespread defoliation of its
preferred host trees, fir and spruce species, leading to high rates of mortality. This in turn can result in significant economic losses and enhancement of fire potential
in the region. Representation of such biotic disturbance has rarely been included in Dynamic Global Vegetation Models (DGVM), which have become essential tools in
understanding and predicting forest dynamics in present and future contexts. We present novel representation of host-specific defoliation in a DGVM (LPJ-LMfire), to
better represent disturbance regimes in the boreal forest of eastern Canada. Using host foliage density to trigger outbreak, we were able to calibrate and simulate gen-
eral spatial patterns of defoliation relative to historical aerial sketch map data. Return intervals were thus sensitive to the growth rates of host trees. Modeled return
intervals tended to be significantly longer than 30 years, the approximate observed return interval. A factorial experiment was performed on the interactions of ESBW
with wildfire, which was found to be slightly enhanced in terms of burned areas after outbreaks due to increased fuel loads. Interactions between ESBW and fire were
found to have higher interaction strength in the drier Western region of the boreal forest. Our study demonstrates that biotic disturbance and its interaction with wild-
fire can be effectively simulated in a DGVM. We show that bottom-up climatic controls are sufficient to drive simulated spatiotemporal patterns of ESBW that can be
calibrated to generally match historical observations.

1. Introduction

Dynamic Global Vegetation Models (DGVMs) have proven to be in-
valuable tools in the large-scale simulation of terrestrial ecosystems,
operating effectively in diverse contexts ranging from climate science to
palaeoecology (Sato et al., 2021; Koch and Kaplan, 2022). DGVMs are
now well-established tools for estimating the impacts of climate change
on terrestrial ecosystems and resultant biogeochemical implications
(Pavlick et al., 2013; Maréchaux et al., 2021). However, there is a need
to improve process representations in DGVMs to better address ques-
tions in ecosystem management, restoration, and climate change miti-
gation and adaptation, which are generally approached at the regional
scale. Among the most important of these adaptations include inclusion
of regionally specific vegetation at higher taxonomic resolutions and ef-

fective representation of critical disturbance regimes (Kautz et al.,
2017).

Fire has long been the principal disturbance agent represented in
DGVMs with an extensive history of model development and improve-
ment (Thonicke et al., 2001; Li et al., 2012; Hantson et al., 2016, 2020).
Fire's frequent occurrence, major role in most terrestrial ecosystems,
and that modeling fire is generalizable across ecosystems made it the
first priority for implementation into DGVMs (Hantson et al., 2016). Bi-
otic disturbances such as insects and diseases, however, can also have
major impacts on forests causing widespread, synchronized defoliation
and mortality (McCullough et al., 1998; Pureswaran et al., 2016;
Rauchfuss and Ziegler, 2011). Insects and pathogens in turn, can affect
successional pathways, species composition, and forest carbon balance
significantly (Kurz et al., 2008). Biotic disturbances also may have po-
tent interactions with climate and other sources of disturbance such as
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management and fire, both natural and anthropogenic (Girard et al.,
2008; Canelles et al., 2021). Unlike fire, there have been very few suc-
cessful efforts to implement a process representation of biotic distur-
bances in a DGVM despite acknowledgement of its importance (Quillet
et al., 2010; Bachelet et al., 2018; Landry et al., 2016; Canelles et al.,
2021).

The eastern spruce budworm (ESBW; Choristoneura fumiferana
Clem.) is a defoliator native to the boreal and hemiboreal forests of
North America that exhibits widespread (-105 km2), periodic outbreaks
at approximately 30-year intervals (Boulanger et al., 2012). During ma-
jor outbreaks, ESBW larvae consume the live foliage of its preferred
host tree, balsam fir (Abies balsamea [L.] Mill.), and to a lesser extent,
white spruce (Picea glauca [Moench] Voss) and black spruce (Picea
mariana Mill.) B.S.P.). After three to ten years of consecutive defolia-
tion by consumption, large-scale synchronized mortality of host trees
occurs (Blais 1981; De Grandpré et al. 2019). These budworm-induced
mortality events have historically been associated with increased fire
risk in the following years (Stock, 1987; James et al., 2017).

Paleoenvironmental proxy studies in the ESBW range has allowed a
characterization of the typical frequency and extent of outbreaks on
centennial to millennial timescales (Boulanger et al., 2004; Sonia et al.,
2011; Navarro et al., 2018). The extent and severity of outbreaks has
been hypothesized to have increased since the application of forest
management, due to the increase in dense and even-aged balsam fir
stands (Blais, 1983; Robert et al., 2012). From an economic perspective,
ESBW outbreaks have major destructive effects on potential timber
through increased tree mortality and reduced growth rates (MacLean,
2019). During an outbreak (1982–1987), annual losses of wood volume
to ESBW are on the order of 106 to 108 m3 and accounted for roughly
1.4 times the amount lost to wildfire (Hall and Moody, 1994; Candau
and Fleming, 2011). ESBW outbreaks also impact overall forest carbon
dynamics through removal of photosynthetically active foliage and dra-
matically increasing the mortality of host trees. This results in net re-
ductions of carbon uptake and potential shifts from carbon sinks to
sources over landscapes of up to 105 km2 (Dymond et al., 2010; Liu et
al., 2019). It has also been estimated that ongoing and future climate
change may drive more severe outbreaks of ESBW, which would exacer-
bate current economic and environmental challenges (Candau et al.,
2011).

The mechanisms underlying the dynamics of ESBW defoliation are
yet to be fully resolved, with the relative importance of bottom-up and

top-down controls on outbreak still undetermined. Three theories have
emerged to explain the dynamics of ESBW population outbreaks and its
synchronized defoliation (Pureswaran et al., 2016). The first of these
theories is the silvicultural hypothesis, which posits that forest manage-
ment practices induced ESBW outbreaks by increasing the amount of
large, homogenous balsam fir dominated stands (Miller and Rusnock,
1993). This would then imply that outbreak would be triggered to some
degree, by the density of host tree foliage available. An alternative hy-
pothesis, the double, or multiple, equilibria hypothesis, characterizes
ESBW populations to have two relatively clear stable states of low and
high densities (Morris 1963a, 1963b). The low-density state of ESBW
would be maintained by top-down controls such as predation and
would be triggered by environmental events such as consecutive warm,
dry summers, to transition to the high-density state, while population
collapse would result from repeated years of defoliation depleting host
foliage. Finally, the oscillatory hypothesis argues that predation, such
as by parasitoids, controls levels of ESBW larvae with periodic lapses
where ESBW populations can ‘escape’ this top-down control regardless
of external environmental triggers (Royama et al., 2005).

Spatial patterns of ESBW have been closely linked to the density of
host foliage, particularly balsam fir, which has shown to have statistical
influence over outbreak class (Gray and MacKinnon, 2006). In Ontario,
Eastern Canada, spatial analysis of aggregated historical outbreaks sug-
gests the existence of three ‘hotspots’ that experience frequent defolia-
tion with a radially oriented decrease in activity (Candau et al., 1998).
This pattern was hypothesized to be driven by a diffusive decrease in
environmental conditions optimal for outbreak, which include a de-
creasing density of host species. These hotspots exist within a longitudi-
nally-oriented belt in the southern boreal region where patterns of defo-
liation are roughly correlated with the density of fir biomass (Fig. 1).
The southern boundary of this belt, where outbreak frequency is low,
has also been found to be correlated with low abundance of host trees
(Candau and Fleming, 2005). However, it is likely that the composi-
tional changes associated with climate change may shift host abun-
dances in the future (Pureswaran et al. 2016).

Interactions between ESBW and fire have also long been a topic of
interest, given their roles as the two most prominent sources of distur-
bance in the boreal forests of Eastern Canada. Widespread, synchro-
nized defoliation has been theorized to increase fire potential, starting
with qualitative observations that ESBW defoliation preceded large
fires (Stocks and Walker, 1973; Navarro et al., 2018). The experimental

Fig. 1. Cumulative annual defoliation in terms of percent of defoliated areas from 1941 - 1998 expressed in terms of severity classes. Figure adjusted from Girardin et
al. (2016) and data originally from Gray and MacKinnon (2006).
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burns studied by Stocks (1987) showed high fire intensity and size after
ESBW defoliation, though could not provide data to measure the degree
of enhancement relative to a control. Modeling studies using historical
data have yielded mixed results on the subject, showing nuanced rela-
tionships between ESBW defoliation, composition, and fire as opposed
to a clear enhancement signal (Sturtevant et al., 2012; James et al.,
2011, 2017). From a spatial perspective, interactions between ESBW
and fire have been found to be bounded by prevalence of host species to
the north, hardwoods in the south, and moisture in the west (Candau et
al., 2018). Until now, the specific mechanisms of interaction have yet to
be explored using process representations in a dynamic vegetation
model that can run over large areas.

In this study, we developed a process representation of ESBW dy-
namics in the LPJ-LMfire DGVM (Pfeiffer et al., 2013; Chaste et al.,
2018). We test how bottom-up controls can determine spatial and tem-
poral patterns of defoliation, as well as the influence of ESBW-driven
mortality on wildfire. Outbreaks are triggered by the density of pre-
ferred host foliage (Abies) in our simulations. To our knowledge, this is
the first attempt at introducing a mechanism to trigger insect outbreak
within a DGVM, though others have studied biophysical and biogeo-
chemical implications of defoliation using the IBIS DGVM model
(Landry et al., 2016).

We simulate the effects of ESBW on the boreal forests of Eastern
Canada over the period 1901–2012 using four representative tree gen-
era (Abies, Pinus, Picea, and Populus). The benefit of using a DGVM in
this context is that it effectively simulates a major component of the
ESBW ecology: forest dynamics, as the productivity, density, and distri-
bution of host trees is largely determined by environmental conditions
and competition. While it may be difficult to currently simulate the en-
tire ecology of ESBW, progress can be made by first simulating indepen-
dent aspects of their behavior and their impacts on forests, as we ap-
proach in this study. LPJ-LMfire is also equipped with a sophisticated
fire module, which is capable of simulating the essential aspects of for-
est fires including fuel dynamics, ignition, and spread. This presents a
convenient opportunity to investigate interactions between ESBW defo-
liation and wildfire to resolve existing uncertainties on the subject.

2. Methods

2.1. Study region and input data

In our study, we focus on the boreal forests of Eastern Canada,
where ESBW defoliation is a major source of disturbance. Our study
area is approximately 2.9 million km2, extending from Manitoba to
Newfoundland (102–53°W; 46–65°N). The dominant conifers in the re-
gion include black and white spruce, balsam fir, jack pine (Pinus
banksiana (Lamb.)), and white pine (Pinus strobus L.). Major broadleaf
deciduous trees are trembling aspen (Populus tremuloides Michx.), bal-
sam poplar (Populus balsamifera L. (BP)) white birch (Betula papyrifera
Marsh.), and yellow birch (Betula alleghaniensis Britt.).

Datasets used to drive our model were prepared as in Chaste et al.
(2018). Except for lightning flashes, climate inputs for our experiments
on Eastern Canada span from 1901 - 2012 and were generated by
BioSIM software from Environment Canada's historical climate data-
base at a 10 × 10 km resolution (Environment Canada, 2013). Light-
ning flashes, in units of number of cloud-to-ground strikes per day per
km2, were reconstructed for the period of 1901–2012 using the Cana-
dian Lightning Detection Network data set covering the 1999–2010 pe-
riod as described in Chaste et al. (2018). Soil texture fractions were de-
rived and interpolated from ISRIC - World Soil Information dataset. At-
mospheric CO2 concentrations for 1901 - 2021 were derived from
Pfeiffer et al. (2013) and Keeling et al. (2009), as in Chaste et al. (2018).

2.2. Vegetation model description

LPJ-LMfire is a Dynamic Global Vegetation Model from the Lund
Potsdam Jena (LPJ) family of models, used for process-based simulation
of terrestrial ecosystems at large spatial scales (Sitch et al., 2003). This
model has been modified and adapted to serve several purposes as de-
scendent models, with specific upgrades in fire representation, soil
processes, and dispersal (Wania et al., 2010;Pfeiffer et al., 2013;Snell,
2014; Chaste et al., 2018). LPJ-LMfire is driven by climate data (i.e.,
Monthly means of temperature, diurnal temperature range, precipita-
tion, number of days with precipitation, wind speed, total cloud cover
percentage and lightning flashes) in tandem with soil, some environ-
mental constraints (water fraction, elevation, and slope) and CO2 masks
(Fig. 2). Outputs include variables characterizing terrestrial vegetation
ranging from compositional and structural (e.g., Species, height,
canopy density, biomass) to biogeochemical (e.g., carbon uptake, soil
carbon, carbon emissions from fires) aspects. Vegetation cover is gener-
ated dynamically from bare ground during a ‘spin-up’ period of about
1000 years using detrended climate data until carbon pools reach equi-
librium, then the climate scenario of interest is applied for the transient
stage to simulate the period of interest.

Vegetation is described in terms of Plant Functional Types (PFTs),
typically covering a wide range of vegetation groups at the global scale
(Sitch et al., 2003). PFTs are defined by ecophysiological and biological
parameters characterizing key aspects of plant function such as parti-
tioning of carbon resources, bioclimatic limits, and resistance to stres-
sors such heat, drought and fires. Here we used the Chaste et al. (2018)
approach of genera-level PFTs for its more direct applicability to re-
gional management and policy. This is particularly useful in regions
with a low overall number of dominant tree species, such as the boreal
forests of Eastern Canada. The four genera present in this study are
Abies, Picea, Pinus, and Populus, which tend to dominate the forests of
our study area, and which are each represented by only a few, and usu-
ally dominated by one, species (e.g. Abies balsamea). The four PFTs are
assumed to be omnipresent, that is, present in every grid cell if environ-
mentally suitable. PFTs establish, then grow and compete within this
cell, which then determines composition and abundance. There is no
spread of PFTs between pixels, as each grid cell functions indepen-
dently. Mortality is triggered by a range of processes, such as heat
stress, meteorological events, or negative carbon balance. Photosyn-
thate is allocated to fast (foliage) and slow (wood) pools, which shift to
litter as a result of both regular turnover and mortality. The majority of
litter carbon returns to the atmosphere and the remainder is incorpo-
rated into soil organic matter.

The fire module used in LPJ-LMfire (Pfeiffer et al., 2013) is derived
from the SPread and Intensity Fire (SPITFIRE) model (Thornicke et al.,
2010). Representations of fire occurrence, behavior, and its impacts on
vegetation occur in the module. For the purposes of this study, we ne-
glect human-caused ignitions and agricultural burning and only con-
sider lightning-ignited wildfire. Over 90% of fires in Canada have been
driven by lightning and agricultural burning is negligible in eastern bo-
real Canada (Coogan et al., 2021). The probability of wildfire occurring
by ignition from lightning is dependent on the amount of available fuel
and fuel moisture tracked with the Fire Danger Index (FDI). Lightning
occurrence was estimated using the Canadian Lightning Detection Net-
work following by Chaste et al. (2018). Fire behavior simulated using
the Rothermel equations (Rothermel, 1972), where the rate of spread
and fire residence time are functions of fuel moisture and local meteo-
rological conditions. Fire impacts on vegetation including fuel con-
sumption, tree mortality, trace gas emissions, and burned area are then
calculated daily and aggregated for annual output. Fires occur indepen-
dently without spread between grid cells.

Spin up periods were run for 1120 years using a linearly detrended
1901 - 2012 climate data time series repeated ten times, until carbon
pools were in equilibrium and wildfire disturbance stabilized. The orig-
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Fig. 2. Conceptual flowchart of LPJ-LMfire including the new Eastern Spruce Budworm (ESBW) module (LPJ-LMfire-ESBW) (modified from Sitch et al. (2003)).
Input data, including environmental conditions and PFT-specific parameters (blue), drives biophysical (gray) and tree biological processes (green) including car-
bon uptake and allocation. Trees are represented by the four typical genera of the Eastern boreal forest (Abies, Picea, Pinus, and Poplar). Mortality due to cli-
mate, stress, and fire, or autogenic process such as competition, adds biomass to slow and fast litter pools (brown). The ESBW module and its processes (or-
ange) are activated by a minimum amount of live Abies foliage which initiates host foliage consumption. Fire processes (red) are then calculated with updated
litter pools.

inal climate dataset (not detrended) was then run a single time for the
transient run, when the ESBW module was activated and tested. For
more detail on LPJ-LMfire and its application to Eastern Canada see
Pfeiffer et al. (2013), Chaste et al. (2018), and Chaste et al. (2019).

2.3. ESBW module

The ESBW module was designed to simulate the consumption of
host foliage over spatial scales larger than 100 km2. ESBW is repre-
sented in terms of stage development, insect population mass and insect
population energy. Larvae development in the module occurs in 10
stages (Egg, L1, L2o, L2, L3, L4, L5, L6, Pupa, Adult) to represent the
different steps of development in the spruce budworm life cycle (Miller,
1975). After the metamorphosis process (larvae to moth) during sum-
mer, female adults lay eggs over a period of a few days. These eggs
hatch in two weeks maximum (L1 stage) and quickly find a suitable
place to spin a silken hibernaculum where they molt into the second lar-
val stage and enter an overwintering resting stage (L2o stage) called di-
apause. No feeding occurs in the L1 stage or during the diapause period
so all the energy to survive to the winter is placed in the egg by their
mother. During spring, larvae emerge and move to food sites (L2 stage).
Once established at feeding sites, over a period of a few weeks larvae
develop through four stages of development (L3 to L6 stages) before pu-
pating (Pupa stage). Larvae development occurs by obtaining energy
from feeding on needles. Adults emerge in July after metamorphosis
(Adult stage) and female moths then lay a new generation of ESBW
eggs. In the ESBW module, the state of development at each life cycle
stage is represented by a value between 0 and 1, where each cohort be-
gins at 0 and progresses to the next life stage when the state equals 1.
Rates of development are calculated through Régnière's process-based
development model (Régnière, 1982; Régnière et al., 2012), where rate
parameters differ based on sex and life stage and are coupled to climate
through temperature dependence (table S1). The rate of development
for the L1 stage is represented by Eq. (1), while the adult stage is mod-
eled by Eq. (2), and all other stages are modeled by Eq. (3). Insect
masses were derived from two sources: Leonard and Koller (1981) for
stages 4–6, pupa and adult, while we used Régnière and You (1991) for
stages 2 and 3 (table S2). Developmental parameters were taken from

Régnière et al. (2012), which were modified from Régnière (1982,
1983, 1987, 1990) with L1 values taken from Han et al. (2000) and re-
ported in supplementary Table 1.

(1)

(3)

ESBW larvae progress through their life stages internally at a daily
time step, though the model produces output at annual intervals (an-
nual foliage consumption, L2O mass, insect energy). Development of
larvae only occurs when daily temperatures are between 2.5 °C and
32 °C. Oogenesis and oviposition are estimated by calculating the total
number of females and assuming that each has a potential 200 eggs to
lay, scaled by an increasing linear function of air temperature
(Régnière, 1983). Oogenesis is only possible under three conditions: (1)
presence of adult female insects, (2) adult female insects are mature
(state of development is > 0.0666), and (3) temperature is between 10
and 25 °C. L2o larvae can survive winter temperatures greater than
−10 °C while consuming energy from the egg state (Fig. S1). The value
of 0.06 corresponds roughly to one day for a female adult's life stage
progression. Well-fed, mated females do not lay eggs in the first 24 h af-
ter emergence, laying a third to a half of their eggs during their second
day.
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2.3.1. Modeling bottom-up controls on ESBW
In our study, we assume that a minimum amount of Abies leaf bio-

mass is required to trigger the initial presence of ESBW larvae. Under
influence of the silvicultural hypothesis, we selected Abies foliage den-
sity to be the sole determinant of larval colonization. This is a simplifi-
cation, and some combination of host tree foliar density could feasibly
be used to trigger initial colonization given comparable preference for
Picea Glauca and its importance in the western margins of its distribu-
tion. Thus, Picea foliage does not contribute to colonization of ESBW in
our study though it is consumed along with Abies during defoliation
events. Foliar biomass is a function of both host tree density and tree
age and size (Akalusi and Bourque, 2021;Temesgen and Weiskittel,
2006). We hypothesize that there is an approximate minimum amount
of foliage required to support an outbreak, which is an assumption of
the double-equilibria hypothesis. This is a practical simplification of a
density-dependent process that is sufficient for our study.

From here, we refer to the minimum value of fir foliage that triggers
colonization as the ‘Leaf Mass Threshold’ (LMT). Parasitism and preda-
tion on ESBW may also be important controls on ESBW density, particu-
larly at low population densities, but our model simplifies its dynamics
and excludes these processes. We likewise exclude anthropogenic con-
trol measures of ESBW which aim to limit tree mortality and anthro-
pogenic drivers of tree community composition such as forest harvest
and silviculture.

2.3.2. Consumption of foliage
Consumption of host foliage, energy accumulation, and usage are

calculated by taking the number of individual larvae within an instar
and multiplying it by the rate of consumption as measured in vial-based
experiments by Leonard and Koller (1981) (table S3). If temperature is
below −10 °Celsius, all larvae except for L2o are killed (Régnière, J.,
and Nealis, V. G., 2019). Though Régnière and Nealis (2019) focused
their study on the western spruce budworm, this specific mortality con-
dition was developed with reference to studies on the frost tolerance of
ESBW larvae (Han and Bause, 1995). Warm temperature sensitivity is
represented by a temperature dependent metabolism function, which
accounts for the potential for overwinter starvation (eq. (4)) (Régnière
et al., 2012). Life stage progression and consumption is halted if daily
temperatures are outside a temperature window of 2.5 to 32 °Celsius.
Energy is still consumed during these days and mortality occurs if lar-
vae deplete their energy reserves.

(4)

The ESBW module interacts with LPJ-LMfire through both direct ef-
fects on tree growth and mortality and indirect effect on the probability
of fire by increasing fuel loads. Consumption of live foliage from host
trees (Abies and Picea) reduces carbon uptake, while foliage and wood
from the ESBW killed trees are transferred to the litter pools. The ESBW
module runs prior to fire and delivers information on fuel (litter) bio-
mass to the fire model on an annual time step. The size of this timestep
is appropriate for this study given that budworm-driven enhancements
of fire tend to occur years after mortality due to fuel drying and fuel lad-
der development (James et al., 2017).

In our initial model simulations, foliage of the host trees was com-
pletely consumed by ESBW after two to three simulation years. Field
observations show that ESBW defoliation typically takes up to 10 years
prior to mortality (Chen et al., 2017). A number of factors could explain
this overestimated rate in the model, including: i) lack of bottom-up
control on ESBW through parasitism or predation, and ii) idealized food
availability. ESBW is also a very wasteful eater, consuming only a frac-
tion of the total quantity of foliage on twigs and branches that die as a
result of defoliation. As a result, more foliage is lost than what is actu-
ally consumed. ESBW larvae only consume current year foliage whereas
in this version of our model, host foliage from any year is available for
consumption. This additional restriction would likely extend the time

from initial colonization to tree mortality and would be a useful addi-
tion to future iterations.

We addressed this inaccuracy in the model by imposing a scaling
factor on the rate of foliage consumption. To slow consumption rates to
more realistic levels, we multiplied rates by a constant value between 0
and 1 that we refer to as the consumption coefficient. The length of de-
foliation period showed an inverse relationship with consumption coef-
ficient (cc), with cc = 0.35 inducing an outbreak length of approxi-
mately 5–10 years (Fig. S3). This method, though simple, sufficed for
our purposes given that our study was focused primarily on the impacts
of ESBW outbreak on forests over longer timescales.

The return interval showed strong sensitivity to LMT variation (Figs.
6 and 7). In our model, unimpeded consumption will lead to complete
defoliation and subsequent complete mortality, which repeats as cover
regenerates and foliar density reaches the LMT. In reality, there is often
an understory of suppressed host trees that is less affected by ESBW out-
break that will resume growth after opening of the stand canopy
(Lavoie et al., 2021). Our initial tests that allowed for complete mortal-
ity of host trees resulted in return intervals up to an order of magnitude
larger than observed values. To remedy the slow growth rates and re-
flect residual host trees surviving after outbreaks, we allowed a small
amount of foliage to survive post-outbreak. Mortality was then defined
to a set amount in accordance with past studies. Slow and fast litter
from the killed trees were then allocated to total pools accordingly.
MacLean (1980) presented average post-outbreak mortality for mature
(85%) and immature balsam fir (42%) stands. Spruce stands were found
to have significantly lower average mortality for both mature (36%)
and immature (13%) cases. Given that LPJ-LMfire does not have stand
age incorporated, an average of these two values was taken to estimate
the modeled mortality, which was 64% for fir and 25% for spruce. Ap-
plication of this method yielded significantly faster regrowth post-
outbreak, but still slower than observed values.

2.4. Modeling experiments

Three modeling experiments were performed to assess spatial and
temporal patterns of ESBW outbreaks, and their interactions with fire.
First, we tested the sensitivity of long-term defoliation to a range of
LMT values to generate a set of spatial patterns of ESBW outbreaks com-
parable to observations in eastern Canada, where ESBW is monitored
annually by field and aerial surveys. LMT was tested over a range of
values, resulting in a distinct set of defoliation patterns that could be
compared and calibrated to those of Gray and MacKinnon (2006). To
test the response of outbreak return interval against the LMT, we ran a
sensitivity test of fir foliage density over time (including frequency of
foliar collapse) to LMT. Simulations were run over a range of LMT val-
ues in a smaller region on the Ontario-Quebec border where an out-
break occurred in all runs. Return intervals, defined as the time period
between two consecutive ESBW defoliation events, were averaged over
three consecutive outbreaks in transient runs from ten cells from re-
gions defoliated in all runs (intersection of all runs). In the case of re-
turn intervals over 100 years, outbreaks during spin-up immediately
prior to the transient stage were taken into consideration.

To test interactions between fire and ESBW defoliation on fir foliage
density, we performed a factorial experiment with four scenarios: a)
control scenario without any natural disturbances b) fire only c) ESBW
only and d) fire and ESBW. To assess the effects of ESBW integration on
burned area fraction, gross primary productivity, slow fuel, and carbon
emissions variables from fire-only runs were simply subtracted from the
fire-and-ESBW runs.

2.5. Model evaluation

Consolidated aerial sketch map data on ESBW defoliation in Canada
from 1941 to 1998 were sourced from Gray and MacKinnon (2006)
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through personal communication. We developed a ground-truth dataset
for model evaluation by creating a binary categorization of the aerial
sketch map data. Though Gray and MacKinnon's (2006) contained cate-
gorical outbreak classes, we chose to convert both model and aerial
sketch map data to binary classification given the qualitative nature of
ASM outbreak classes. All classifications of outbreak, ranging from very
mild, mild, mild-moderate, moderate, moderate-severe, severe, to very
severe, were interpreted as outbreak occurrence indications. Shapefiles
of outbreak classes were reclassified to the binary categories of ‘defolia-
tion present’ and ‘defoliation absent’ and rasterized in alignment with
model output in ArcGIS 10.7.1.

To quantify agreement between model output and aerial sketch-
map based measurements of defoliation, we computed the Jaccard co-
efficient for each scenario relative to data by Gray and MacKinnon
(2006). The Jaccard coefficient is a simple metric of similarity between
two sets of data, calculated by dividing the intersection (number of grid
cells of model-data agree on defoliation presence) by the union (total
combined number of grid cells with defoliation by either model or
data).

3. Results and discussion

3.1. Spatial patterns of outbreak through host tree density

Defoliation patterns showed strong sensitivity to LMT variation,
with low values of LMT resulting in very broad distributions of defolia-
tion and high values resulting in a narrower, concentrated southern pat-
tern (Fig. 3). A low LMT results in ESBW appearing wherever Abies ap-
pears, even at low levels, while at higher thresholds ESBW only popu-
lates regions dense in fir. Simulated distributions of cumulative con-
sumption generally match patterns of defoliation as found by Gray and
MacKinnon (2006) at the higher end of LMT. The latitudinal belt of
ESBW defoliation found by Candau et al. (1998) in Ontario was also
present in our simulations across Eastern Canada, particularly at the
higher end of LMT values. This belt is where Abies foliage is most dense
and thus where environmental conditions are optimal for Abies growth
and fitness against other PFTs. This is consistent with findings by
Candau and Fleming (2005). This suggests that host tree density may be
an important factor in defining the southern boundary of defoliation,
which could shift northward under climate change scenarios.

The spatial distribution of frequent outbreaks (hot spots) was gener-
ally well simulated: past defoliation in historical aerial sketch maps
were co-located with areas of high defoliation in our simulations,

though a strip of heavy defoliation was found (Fig. 2) instead of point
locations (Candau and Fleming, 2005; Gray and MacKinnon, 2006) .
This can be attributed to model overestimation of Abies density in this
region, as found by Chaste et al. (2018) evaluation of LPJ-LMfire's
model skill in simulating genus-level biomass in Eastern Canada. Note
that in their study and ours, LPJ-LMfire simulates potential vegetation
based on environmental drivers and does not include the effects of man-
agement on composition. Management has been suggested to be the
reason underlying low density of host species in corridors separating
hotspots and could explain the difference in patterns between our simu-
lations and observation (Candau et al., 1998; Belyea, 1952). Regions of
high levels of defoliation in our simulations are generally surrounded
by areas of lower levels of defoliation, tapering off to zero. By assuming
outbreaks to be dependent solely on the density of host foliage, we also
see the radially diffusive patterns of outbreak frequency.

An LMT of 30 g/m2 was found to drive simulations with highest
agreement with ASM data, as model-data agreement, assessed using the
Jaccard coefficient (Fig. 4a), tended to increase gradually toward an op-
timal value, with a quick drop off afterward. This best run scored a Jac-
card coefficient of 0.45, which is notably higher in agreement than a
random model (Jaccard coefficient = 0.20, see Fig. 4a). Total modeled
values of live foliar biomass for Picea, Pinus, and Populus PFTs are at
the lower end of empirical estimates but within an order of magnitude
of measured average oven dry foliage biomass from mixed coniferous
deciduous forest (Tadaki, 1966). Fig. 5 (a,b,c) shows the binary pres-
ence/absence re-classification of model output and Gray and MacKin-
non's data set and the intersection of these two data sets of the model
parameter set that showed highest agreement with data.

The complement between model output and ASM data was also cal-
culated for the run of highest agreement (Fig. 5d). Regions of disagree-
ment include model simulations showing relatively higher outbreak
severity in eastern Newfoundland and Labrador and Nova Scotia. In the
case of Newfoundland and Labrador, this overestimate can be traced to
LPJ-LMfire's tendency to significantly overestimate Abies biomass in
the eastern region, likely due to overestimates of soil fertility (Chaste et
al., 2018). Northern regions of Quebec also show low levels of defolia-
tion even at the higher end of LMT, which are not observed in Gray and
MacKinnon's (2006) analysis but appear within the northern bound-
aries of ESBW presence as found by Régnière et al. (2012). Thus, lack of
survey data rather than defoliation may underlie model-data disagree-
ment particularly due to the northern limit of surveys in Quebec and for
all of Nova Scotia (Gray, 2013).

Fig. 3. Mean simulated defoliation over a 100-year period across Eastern Canada for a range of values of Leaf Mass Threshold (a) 5 g/m2 b) 15 g/m2 c) 25 g/m2 d)
35 g/m2). The full set of runs are shown in fig. S2. The smaller box in green shows the sample region where temporal patterns were taken from. Darker colours indi-
cate high levels of fir foliage were defoliated while yellow indicates low levels.
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Fig. 4. (a) Jaccard coefficient representing model-data agreement between binary reclassification of ASM data and model output. The orange dotted line shows the
Jaccard coefficient corresponding to the random model.
b) Total amount of area where model and data disagree (blue) decomposed into area defoliated as observed by ASM that was not simulated by model (i.e. ASM com-
plement/omission error in green) and area defoliated as simulated by model that was not observed by ASM data (i.e. model complement or commission errors in pur-
ple).

3.2. Temporal patterns of outbreaks (return interval)

Fig. 7 shows return interval sensitivity to LMT for both intermediate
and immature mortality values. Based on model assumptions, the fre-
quency of outbreak has an inverse relation to the level of mortality in
stands in our model. Assuming all stands to have low mortality as pre-
scribed by MacLean's (1980) values for immature stands resulted in the
fastest and most realistic return intervals. However, the assumption for
all stands to be immature and mortality to be this low is unrealistic,
suggesting that selective regrowth may be too slow in the model.

Triggering outbreaks by host foliage density produced roughly regu-
lar intervals based on the regeneration rates of host foliage and the
value of the threshold parameter (LMT), as prescribed by versions of
the silvicultural hypothesis (Pureswaran et al., 2016). The degree of
mortality also showed significant influence on the length of return in-
tervals. Our results are roughly in agreement with regeneration-based
theories of ESBW outbreak. However, this representation would be in-
consistent with theories of outbreak that posit external influences such
as predation and parasitism to be critical controls of defoliation onset
and cessation (Johns et al., 2019; Régnière et al., 2019).

The value of LMT that resulted in a return interval closest to obser-
vation was still much lower than the value that produced best spatial
pattern agreement. However, our simulated defoliation patterns were
based on potential fir distributions and neglected the effects of manage-
ment and their effects on fir density. Furthermore, lack of survey data
where ESBW occurred, such as in northern Quebec, may have resulted
in increased commission error. Thus, the LMT that best fits actual out-
break patterns could potentially be significantly lower.

3.3. Interactions between ESBW and wildfire

The ESBW module progressively decreased the amount of fir foliage
during outbreak with subsequent regrowth (Fig. 8c and d). The results
of our factorial experiment also showed that fire tended to decrease the
overall volume of fir foliage by up to roughly half of its control values.
Regeneration of fir foliage was also slower when fire was present (Fig.
8b and d). ESBW presence triggered clear, but small increases in burned
fraction after defoliation events relative to control (Fig. 9a). As living
leaf mass from host trees decreases, carbon uptake decreases while res-
piration values remain roughly constant resulting in lowered net uptake
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Fig. 5. Binary reclassification based on the presence or absence of defoliation for a) Gray and MacKinnon's data (2006) and b) model output for 30 g/m2, their c)
agreement (intersection) and d) disagreement (complements). For 4d, purple represents regions where the model simulates ESBW defoliation not observed by ASM
(i.e. commission errors, while light green represents regions where ASM showed ESBW defoliation that was not simulated by the model (i.e. omission errors).

Fig. 6. Sample within-pixel time series for fir foliar biomass and ESBW mass for LMT values of 5 g/m2 (left) and 15 g/m2 (right).
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Fig. 7. The sensitivity of average return intervals to LMT over a range of LMT values for intermediate and immature mortality rates with error bars for their respective
standard deviation.

(Fig. 9d). After defoliation, there is a small, sustained increase in
burned area (<1.8%) ((Fig. 9a). This coincides with a sudden rise in
slow fuel caused by mortality of host trees (Fig. 9b). Increases in dry
fuel leads to an increase in the rate of spread (ROS). Our simulations
show that defoliation-induced mortality leads to an increase in fuel load
and an increased likelihood of ignition and larger fires. This initial in-
crease in burned area relative to control is followed by a decrease, due
to depletion of fuel. Carbon emissions from fire are also enhanced due
to ESBW in proportion to burned area.

At ‘intermediate mortality’ rates, ESBW defoliation generated an av-
erage of 890 g/m2 of burned fuel from killed host trees, which resulted
in at least small increases in burned area (Fig. 9a). In certain grid cells,
one may see larger enhancements of burned area fraction in a single fire
when there is a large amount of dead fuel caused by defoliation and fire
spreads into living biomass (9a). When averaged over the entire region,
these effects are attenuated to an average of less than 1%. When aver-
aged over time, the overall amount of burned area of sites with and
without ESBW is small even for cells with strong pulses of enhance-
ments in burned area.

To assess the larger spatial variation of the ESBW-fire interaction,
average increases in burned area after defoliation driven mortality were
plotted across eastern Canada. Interactions were found to be stronger in
the west relative to the east (Fig. 10). Drier climate in the western part
of the study area may explain, in part, stronger interactions relative to
the eastern part of the boreal region studied. Extreme summer tempera-
tures in Ontario may also contribute to higher interactions relative to
the Maritimes. In terms of moisture representation within LPJ-LMfire,
the probability that a fire will be triggered by lightning is represented
by the dependence of ignition efficiency on Fire Danger Index (FDI),
which in turn is a function of soil moisture. Moisture of extinction is
also represented in the FDI, which is the upper bound value above
which fire will not spread. This is consistent with analysis that suggests
the sensitivity of fire regimes to be higher in drier environments with a
shorter fire cycle (James et al., 2017). Fleming et al. (2002) also found a
general pattern of decreasing interaction strength from the drier cli-
mate of the west to the wetter east, suggesting that drier climates would

lead to slower decomposition, and could extend the season of height-
ened fire potential and likelihood of successful ignition.

Our simulation of ESBW-fire interactions agree with previous mod-
eling studies, and importantly, the experimental results of Stocks’
(1987) fire burn experiments, and theorized observed impacts of ESBW
defoliation on forest carbon dynamics (Fleming et al., 2002). It is diffi-
cult to compare our results with Stocks’ work given the lack of control
cases in past burn experiments to demonstrate how ESBW may lead to a
relative enhancement of burnt area. The positive but small enhance-
ment of fire by ESBW-defoliation modeled in our study could explain
the subtle or null effects of ESBW on fire risk found by James et al.
(2011) and Sturtevant et al. (2012). In these cases, analyses at larger
scales in which small pulses of enhancement may be ‘washed out’ over
larger spatiotemporal scales. That is, positive feedback from defoliation
on burning may be largely canceled out by subsequent negative feed-
back averaged over longer timescales due to depleted fuel loads. Simi-
larly, post-fire stands in boreal forest have been found less likely to burn
due to reduced biomass and slow regrowth (Parisien et al., 2020). In re-
ality, the interactions between fire and ESBW are likely to be highly
context dependent, with wind and soil conditions likely playing impor-
tant roles.

It should be noted that there is no interaction between grid cells in
LPJ-LMfire, so each disturbance (i.e., fire and ESBW) does not spread
between cells. This is very likely to underestimate the importance of
single, large fire events that could rapidly grow or join. Additionally in
our model, the absence of fire leads to higher density and growth rates
of fir foliage. Assuming that fir foliage density triggers outbreaks, this
could lead to both shorter return intervals and broader outbreaks. This
is consistent with silvicultural hypotheses that postulates that manage-
ment, including fire suppression, could promote the occurrence of
ESBW outbreak by promoting Abies. This aspect could be further ex-
plored in future studies, given its consistency with Blais (1983) and its
relevance to management practices.
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Fig. 8. Fir foliage density for a) control b) fire-only c) ESBW-only and d) fire-and-ESBW. Blue shading indicates time before outbreak, red shading indicates time dur-
ing defoliation, and green shading represents time after defoliation.

4. Concluding remarks

Our study shows that the assumption that ESBW outbreak and defo-
liation is triggered by the density of fir foliage has a number of conse-
quences. Linking defoliation to modeled Abies density produced results
in general agreement with consolidated aerial-based observations of
ESBW defoliation, with model-data agreement peaking at an intermedi-
ate value within the tested range of threshold values. It is noteworthy
that our simulation generated dynamic distributions of Abies and Picea
from bare ground, using only ecophysiological parametrizations of each
PFT reacting to environmental drivers. Competition between these
PFTs, mediated by their growth parameters, determined stands (i.e.
grid cells) composition and density across time and space. Thus, the
ability to simulate spatial patterns of defoliation is highly contingent on
successful simulation of Abies. It is natural that to simulate the large-
scale patterns of the parasite, one must first successfully simulate the
patterns of the host.

Given the ability to estimate the general patterns of ESBW defolia-
tion, including belt, zone, and hotspot type spatial patterns, we posit
that our methods may be sufficient as a first-order approximation of
spruce budworm-fir dynamics. While parasitism, predation, and disper-
sal are likely important controls of outbreak dynamics, this method
would at least conceivably give an upper bound on the extent of out-
break size. Host foliage biomass may not be the sole trigger of outbreak,
but it is likely a requisite condition as fuel is to fire. This will be even
more important when projecting out future patterns of ESBW defolia-
tion, given the potentially major climate change driven changes in tree
composition (Chaste et al., 2019). Moreover, indirect and non-climatic
processes such as CO2 fertilization, fire, and interaction between distur-
bances, will likely play a factor in these shifts. For these reasons, this in-
sect-adapted DGVM version of LPJ-LMfire (LPJ-LMfire-ESBW) could be
a powerful tool in forecasting large scale changes in defoliation and dis-
cerning underlying mechanisms.

Future work could improve on several aspects to modeling biotic
disturbance in a DGVM. First, dispersal is likely necessary to better rep-

10



CO
RR

EC
TE

D
PR

OO
F

H. Sato et al.

Fig. 9:. Effects of ESBW defoliation averaged over a 10 000 km2 area on (a) burnt fraction, (b) slow litter (dead trees), (c) fire-driven CO2 emissions, and d) GPP, as
derived from our factor separation test. Positive values indicate an increase in the variable due to the influence of defoliation, while negative values indicate a de-
crease.

resent defoliation dynamics. To integrate dispersal would require inter-
cell interactions, which has long been absent in other major forest
processes such as fire and seed dispersal. These interactions would
likely change results significantly and could improve spatiotemporal
dynamics. Second, ESBW is likely controlled not only by foliage avail-
ability but also by parasitoids (e.g. Cappuccino et al. 1998, Régnière et
al. 2020) and avian predators (e.g. Crawford et al. 1983, Crawford and
Jennings 1989, Venier and Holmes 2010). Additionally, a mechanistic
approach to host preference could be implemented to account for po-
tential future changes. There has been evidence that changes in pheno-
logical synchrony between budbreak of host trees and emergence of
L2o diapause phase could alter host preference from balsam fir to black
spruce and subsequently, push ESBW distributions northward
(Pureswaran et al., 2019). Increasing the number of PFTs to include
genera such as Birch and Maple would improve realism in forest regen-
eration and possibly alter post-fire fuel dynamics, particularly in the
Southern boreal where community composition is more diverse. An-
other avenue to improve upon would be working toward a sufficiently
detailed representation of fuel structures and understory vegetation to

enable more complete simulation of the delayed positive feedback of
defoliation on fire as suggested by Stocks (1987).

Our study was one of the very first attempts at integrating insect-
driven defoliation and biotic disturbance within a DGMV. Relative to
fire, modeling insect disturbance requires a more specific understand-
ing of the disturbance agent's ecology, physiology, and its relationship
to its host or multiple hosts. We suggest this is an opportunity for ento-
mologists, ecologists, and earth systems scientists to work together to
better understand the role of biotic disturbances within the context of
global change as many insect species affect forests worldwide and in
turn the carbon storage trees represent. Here, we opted to investigate
ESBW, but the architecture of our model may be transferable to other
species, particularly other defoliators, with appropriate revision and
reparameterization. For broader scale or global models, researchers
may consider broader functional classifications of biotic disturbance
agents, such as defoliators, wood boring insects, fungal pathogens, etc.

Using the bottom up controls of host foliage density to trigger initial
outbreak, we effectively simulated the spatial patterns of ESBW and
produced regular return intervals. We suggest that these results may
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Fig. 10. Spatial distribution of interaction strength across Eastern Canada in terms of increases in burned area with eastern spruce budworm (ESBW) relative to con-
trol.

have physical implications, given that regions of dense fir will eventu-
ally experience defoliation over longer timescales and that the regener-
ation rates of host foliage may play an important role in return interval
length, with additional sensitivity to mortality rates of past outbreaks.
Thus, the spatial and temporal patterns of ESBW outbreak may be dri-
ven by specific aspects of the ecophysiology of balsam fir. Additionally,
we found that mortality driven by ESBW defoliation enhanced burnt
area, though by a small amount when averaged over space and time.
Our study used climate data from the last century calibrated with aerial
sketch maps to replicate patterns of the past. However, spatiotemporal
patterns of outbreak and interactions with fire are likely to shift due to
climate change, with potentially important contributions from shifts in
host tree density.
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