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Abstract

Context: The stand level risk of defoliation and mortality due to
the spruce budworm (Choristoneura fumiferana, SBW) is mainly linked
to the host species content such that stands dominated by the primary
host species, balsam fir (Abies balsamea), are considered the most vul-
nerable. At the landscape scale there is much less information but some
work suggests that risk may decrease when landscapes are dominated
by secondary hosts, such as black spruce(Picea mariana) or when land-
scapes are fragmented.

Objectives: We aim to determine risk of defoliation onset and of
tree mortality due to SBW at a landscape scale due to factors that have
been associated with SBW defoliation at the stand scale. We hypothesise
that outbreak onset will occur earlier in landscapes dominated by host
species and that fragmentation and black spruce content will not affect
onset but will be associated with subsequent lower mortality.

Methods: We employed Cox hazard models to estimate the rel-
ative risk of different landscape configuration and species composition
patterns on the onset and risk of mortality of a spruce budworm out-
break in Cote Nord, Quebec, Eastern Canada, using government data
bases of forest tree species composition and of SBW defoliation across
Québec. In particular, we measured the risks associated with primary
host proportion, the relative amounts of secondary host and hardwood
trees to fir trees, the structure of balsam fir in the landscape, and the
structure of the forest overall.

Results: Our results show that defoliation onset is more related to
the configuration of the landscape than to the species composition while
mortality is ultimately influenced by the tree species present. Defoliation
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onset risk is increased the most by a more complex configuration of fir
patches in the landscape. Mortality risk on the other hand is unaffected
by fir configuration, with the greatest change being a decrease in risk
due to increased black spruce presence in the landscape.

Conclusions: Maintaining black spruce abundance and forest con-
nectivity across forested landscapes could reduce SBW related mortal-
ity and delay defoliation onset. Forestry management strategies should
avoid clear cuts and the development of fir monocultures in the forest.

Keywords— risk, scale, insect outbreak, defoliation, fragmentation

1 Introduction

Much of our understanding of spruce budworm (Choristoneura fumiferana, SBW)
outbreaks stems from observations of tree mortality at a stand scale. However, the
mechanisms generating local mortality patterns are not necessarily the same as those
mechanisms involved at a landscape scale. SBW outbreaks in eastern North America
are long-lasting and cover vast areas (Jardon et al. |2003; Williams and Liebhold,
, with the outbreak in the 1970’s causing upwards of 50 million hectares of
severe defoliation and lasting 15-20 years (Pureswaran et al) [2016). Despite the
spatial extent of these outbreaks, most research done to date resolves stand scale
mechanisms to stand scale defoliation and mortality patterns, assuming that the
link to the broader outbreak follows the same patterns. Questioning this assumption
leads us to ask whether the processes influencing defoliation at the stand scale are
relevant at the scale of the outbreak, where processes such as dispersal, colonisation,
and population growth are expressed.

Stand scale defoliation tends to follow the feeding preferences of the SBW, but
this is altered by the presence of other tree species. In most cases, fir trees (Abies
balsamea) and white spruce (Picea glauca) are more heavily defoliated than black
spruce (Picea mariana) (Bellemin-No€l et all [2021; | Thomas| [1989). While black
spruce is a host species for the SBW, the relationship is complex and its quality as
a host for the SBW is marginal due to leaf toughness and mismatched timing in the
phenology of budburst and larval emergence; both of which reduce SBW population
growth (Fuentealba et all [2020; |Greenbank] [1963). Contrary to black spruce, the
phenology of bud burst for balsam fir and white spruce is in greater synchrony with
SBW larvae emergence in the spring (Nealis and Régniere} |2004b; [Pureswaran et al.)
. Moreover, the presence of black spruce in a stand may reduce, at least in the
peginning phase of an outbreak, the defoliation of fir in the same stand
2017). This associational resistance emerges due to lower fecundity of SBW
on black spruce due to budburst timing limiting population growth, and ultimately
reducing defoliation. How feeding preference and associational resistance scales from
stand level to landscape level defoliation patterns is unknown.

Increased hardwood content of a stand has also been shown to decrease the de-
foliation and mortality of fir trees within stands (Campbell et al., |2008; |Cappuccino]
let al [1998; [Su et all [1996} Zhang et al. |2018). Although at a stand scale, the
protective effect of hardwoods has been associated with greater parasitism from gen-
eralist parasitoids feeding on alternative Lepidoteran hosts (Cappuccino et al., [1998),
at a smaller scale, hardwood interspersed among host trees reduces the likelihood
of SBW larvae landing on a suitable host when dispersing, reducing the incidence
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of defoliation (Zhang, 2020). While SBW larvae disperse by ballooning short dis-
tances on silk threads, adult SBW are capable of long distance flights (Anderson and
Sturtevant| (2011} Batzer} [1968). In mixed host and non-host stands the ability of
the female moth to target hosts may increase defoliation of host species as these are
targeted by female moths during egg laying. Different dispersal methods at different
life stages may result in the protection offered to fir by hardwood trees at the stand
scale not being as influential at a landscape scale (Campbell et al., |2008).

The spatial distribution of host and non-host dominated stands is likely impor-
tant in predicting the severity of SBW outbreaks across the landscape (Robert et al.)
2018]). More spatially homogeneous fir dominated stands tend to be associated with
greater defoliation and severity of outbreaks of the SBW at the edge of the main
range of SBW outbreaks (Robert et al., [2018]). Other insect outbreaks are influ-
enced by landscape configuration. For instance, Roland| (1993) suggests that the
disruption of parasitoid relationships with the forest tent caterpillar in fragmented
environments results in outbreaks of a longer duration. However, a dearth of SBW
studies at a landscape scale prevents us from drawing firm conclusions about the
relative importance of forest structure on defoliation and mortality.

Understanding the progression of SBW outbreaks at any scale is further compli-
cated by the interplay of top-down and bottom-up factors that control SBW pop-
ulations (Pureswaran et al., 2016). Over recent decades, emphasis has been on the
role of top-down effects, but landscape level studies suggest that bottom-up fac-
tors are important (Bouchard and Pothier] [2011; |Robert et all |2018). The effects
of landscape factors may also differ between early and late phases of an outbreak
(Pureswaran et al.| |2016). Defoliation onset is likely more influenced by features of
the landscape that limit dispersal and/or colonisation success of SBW such as frag-
mentation or non-host presence. After colonisation, tree mortality due to SBW could
depend more on factors influencing SBW fecundity and population growth such as
associational resistance or forage quality (Bognounou et al., |2017}; Fuentealba et al.,
2020). Separating the phases of the outbreak into onset and mortality phases when
investigating the role of different landscape factors can offer a finer understanding
of the role of landscape configuration and forest composition in SBW outbreak dy-
namics.

Given the likely role of landscape structure on the beginning and development
of the current SBW outbreak in Quebec, Eastern Canada, we quantify the risk to
defoliation onset and to mortality relative to the composition and configuration of
the forest at a landscape scale. We investigated the factors influencing the land-
scape scale tree defoliation and mortality responses to the SBW using data from the
Québec Ministry of Forests, Wildlife, and Parks that span 7 million ha across 14
years. More precisely, we evaluated the level at which onset of tree defoliation and
mortality could be explained by five risk factors that are known to be associated
with increased defoliation at the stand scale, or are linked to mechanisms known to
influence defoliation at the landscape scale. These five factors are (Table : the
proportion of fir, the relative proportion of spruce to fir, the relative proportion of
hardwood to fir, the spatial configuration of fir-dominated patches, and the spatial
configuration of forest patches (regardless of tree species composition).

We used Cox’s proportional hazards (PH) regression models (Cox} [1972)) to eval-
uate the risk factors of defoliation onset and tree mortality. The Cox PH model
is a semi-parametric survival model that takes its distribution from the empirical
data. Cox PH models do not require that a baseline hazard rate be specified. This
is advantageous in that possibly incorrect assumptions about the baseline survival
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times are avoided (Cyr et all [2016)). Cox PH models are widely used to assess mor-

bidity risk of health interventions and lifestyle factors to disease outcomes (Kumar|

and Klefsjol [1994), and the technique has been used to assess the risk of fire spread
in landscapes (Cyr et al., [2016}; Morin et al 2015; |Tremblay et al.|, |2018)), but to our

knowledge, this is the first application of the method to studying the spread of an
insect epidemic.




Table 1: Risk factors likely to influence SBW defoliation onset and mortality with measurement metrics and hypotheses for
landscape scale patterns based on their influence on SBW outbreaks at a stand scale.

Risk Factor

Landscape Metric

(measured in each sampling window)

Landscape Scale Hypotheses

Defoliation onset

Mortality

Proportion of fir

Proportion of spruce
relative to fir

Proportion of hardwood
relative to fir

Spatial configuration of
forest cover

Spatial configuration of
fir patches

Fraction of cells with fir composition
greater than 50%

Fraction of cells with black spruce com-
position greater than 50% relative to cells
with fir composition greater than 50%

Fraction of cells with hardwood species
composition greater than 50% relative to
cells with fir composition greater than
50%

Number of forest patches and
Landscape Shape index of forest patches

Number of forest patches and
Landscape Shape index of forest patches

A landscape composition dominated by
the preferred host should increase the
likelihood of SBW finding the area
dellemin—Noél et al.l |2021}.

A landscape composition dominated by
the preferred host should increase the
growth rate of the SBW population
through increased food supply and over-
wintering habitat, hence increasing mor-
tality (IBellemin-No'e'l et al.”2021}.

More black spruce in the landscape relative to fir increases associational resistance

in the landscape, hence decreasing outbreak onset and mortality (Bognounou et al.

-

More hardwood in the landscape relative to fir increases associational resistance in

the landscape, hence decreasing outbreak onset and mortality (Cappuccino et al.

|1998| |Zhang et al.| |2018}

Landscapes with greater heterogeneity
in forest composition may be less easily
traversed by parasitoid species than the
more mobile SBW resulting in the SBW
establishing and defoliating more quickly

in the absence of predation
ot e

Landscapes with more complex configu-
rations of fir patches reduce SBW move-
ment and dispersal success, increasing
time to defoliation onset.

Patchy landscapes may reduce the ability
of parasitoids to control the population
growth of the SBW increasing mortality

(o oss).

Resource dilution may lead to reduced
mortality qBognounou et al‘l |2017}‘

Resource dilution results in increased de-
foliation at the landscape scale leading

to greater mortality (Bognounou et al.

port].

Patchy landscapes may reduce the ability
of parasitoids to control the population
growth of the SBW increasing mortality

(o oss)
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2 Methods
2.1 Study Area

The study area is located in the Cote-Nord region of Québec, Canada, and covers
approximately 7.05 million ha of predominantly balsam fir and black spruce forest.
This area contains a large portion of the current spruce budworm outbreak and is
centred on the initial epicentres of the outbreak (fig. .

Montréal
A

Figure 1: Study area (shaded in grey) on the north coast of the Saint-Lawrence
river in Québec, Canada. Unlabelled black points within the shaded study area
are the approximate centres of heavy defoliation in 2007, used as an estimate
of the the origin of the outbreak in this study. Cross hatch shading shows the
maximum extent of the SBW outbreak from its onset in 2007 until 2020.

2.2 Data collection

We assessed forest composition and SBW defoliation severity within our study area
using a dendrometric LiDAR map , and natural disturbance data for
the spruce budworm from the Québec Ministry of Forests, Fauna,
and Parks (MFFP).

The dendrometric LiDAR data are polygons, with average size
of 0.8 ha, describing composition, wood volumes, and species of trees in forests
across Quebec in 2021. The forest composition data were rasterised to a resolution
of 0.0025ha to quantify risk factors using standard composition and configuration
grid-based metrics [2019) (examle in fig. 2JA).

Defoliation data are categorical polygons, with median size of 2.66 ha, character-
ized by one of four levels of annual defoliation severity estimated from aerial surveys



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

(example in fig. 2B). The defoliation classes are: no defoliation (none), defoliation
of the upper few tiers of the crown (light), defoliation of the upper half of the crown

(moderate), and almost complete defoliation of the crown (severe) (MFFP| [2021D)).
The collected defoliation data covers the years 2007 to 2020 inclusively.

Host Proportion (%)
4 0-20
J20-
B0 - Defoliation

B 60 -
I 80 -

Figure 2: Examples of data used for forest composition (A) and defoliation
(B) for an 800 ha sector within our study area in year 2021. Host proportion
in map A is the sum of fir, black spruce, and white spruce.

2.3 Measuring defoliation and mortality

We measured defoliation and mortality at the landscape scale from the defoliation
maps. First, we randomly distributed 2500 sampling windows of 2500 ha each across
our 7.05 million ha study area. We assigned each window as a landscape. This
2500 ha landscape scale was chosen as a compromise between windows being large
enough to encompass heterogeneous structure and allow computational efficiency in
the subsequent analysis. Moreover, the 2500 windows allowed us to capture the
variability in the risk factors (Table hypothesized to influence defoliation onset
and mortality due to SBW defoliation.

Second, for each year from 2007 to 2020, we calculated the average defoliation
within each window. The spatial distribution of the windows allowed us to measure
defoliation at different stages of the outbreak i.e. different zones of the study area
have been affected for different lengths of time. Average defoliation in each window
is calculated as the area-weighted mean over the four defoliation classes. Defoliation
classes (2021b))) were translated into percentages of defoliation using the mid
point in each third of 100% (i.e. 1 = 16%, 2=50%, and 3 = 82%). Average defoliation
in a given window is used as the principal index of damage when estimating the onset
of an outbreak at the landscape scale. We define onset of the outbreak as the first
year of moderate or severe average defoliation (>50%) in any given window. Light
defoliation, was not used as it is a class category more subject to errors and confusion
with causes other than the SBW.

Third, we estimated year of mortality using cumulative defoliation to account for
the survival of trees up to approximately 6 years of 100% defoliation of new foliage
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(Blais, [1958; [Sainte-Marie et al., |2015)). As SBW host trees carry 5-7 years of foliage
600% Cumulative defoliation is a proxy for complete loss of foliage and tree death
(Blais, [1958; |Sainte-Marie et al., 2015). Cumulative defoliation was measured in
each window by summing the average defoliation year after year. As an example,
if over three years of defoliation in a given window there was one year of light, one
year of moderate and one year of severe defoliation, then using the mid-point of
each defoliation class the cumulative defoliation for this three year period would
be 16+50+82% or 148% cumulative defoliation. Cumulative defoliation score was
calculated over successive years until 600% was reached at which point we estimated
that mortality occurred in the window.

2.4 Estimating Risk Factors

We sampled rasterized dendrometric LIDAR maps at year 2021 using the same 2500
sampling windows used to estimate average defoliation and mortality at the land-
scape scale. In each sampling window, we analysed landscape composition and con-
figuration factors known to increase defoliation or mortality risks at the stand scale
or factors known to limit dispersal at the landscape scale (Table . We estimated
five risk factors: 1) the proportion of fir, as the primary host of the SBW, fir is
often associated with greater defoliation at the stand scale; 2) the relative propor-
tion of spruce to fir, a factor associated with reduced defoliation at the stand scale
due to associational resistance; 3) the relative proportion of hardwood to fir, also a
factor associated with associational resistance at the stand scale; 4) landscape con-
figuration of the forest cover, and 5) the landscape configuration of fir, regardless of
composition, as both features are likely to limit SBW dispersal.

We calculated the proportion of fir in a sampling window as a fraction of its
area covered by cells that contain more than 50% fir. Similarly, we calculated the
relative spruce and hardwood content within a window by the fraction of cells with
black spruce or hardwood composition greater than 50% relative to cells with fir
composition greater than 50% .

We assessed landscape configuration using two indicators, the number of patches
and the landscape shape index (LSI), both measured within each window using the
python package pylandstats (Bosch) [2019). In this study, a patch is defined by
contiguous cells of the same type and contiguity is measured using an eight-neighbor
rule. The number of patches in a window is a simple way to capture how subdivided
a landscape is. However, it does not account for patch area nor patch shape. LSI, on
the other hand, is an indicator of landscape complexity: it measures how the shape
of patches depart from a square shape, in relation to the size of the landscape. A
landscape with high LSI implies that it encompasses patches with intricate edges
or patches that are spatially distinct. As such, LSI can be described as a measure
of patch aggregation (McGarigal, |1995) that complements the number of patches by
capturing the effects of patch area, density and edginess at the landscape scale (Wang;
et al., [2014)). These factors all have the potential to limit SBW movement through
the landscape. Fir landscape configuration is calculated as the LSI over patches of
cells containing greater than 50% fir in a window. Forest landscape configuration is
the LST of patches of cells where the dominant cover (>50%) is any type of forest
(either hardwood or coniferous).
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2.5 Analysis of Risk

We used Cox proportional hazards models to assess how the level of risk in each win-
dow varied according to the factors described above. The Cox proportional hazards
model estimates how the change in one factor impacts the risk of an event occurring.
Due to the expansion of the outbreak, the risk of defoliation was not equal at all
points across the study area. As a result, we used a stratified model to account for
the different baseline risks due to the distance between the source of the outbreak
and the windows in which the five factors where measured. To assign strata we drew
a polygon over the defoliation maps encompassing all defoliation experienced in the
study area for each year of the 2007-2020 period. This resulted in 14 polygons of
increasing size. We then estimated R, the average year on year increase in radius of
the polygons, as an approximation of outbreak spread per year. In each window, we
calculated the minimum distance d from the centre of the window to the nearest of
the two origin points of the outbreak in 2007. The distance d of a window from the
origin of the outbreaks was then rounded to the nearest multiple of R to group the
data into strata based on binned distances from the outbreak origin.

We then used a stratified Cox’s proportional hazards model (eqn to understand
the risk from our five different factors on two events: A) onset of defoliation by the
SBW and B) mortality (represented by 600% cumulative defoliation). These two
event criterion were used to censor the defoliation data so that windows unaffected
by defoliation onset or tree mortality at the end of the study period (2020) did not
unduly influence the results (Austin, [2017).

We modelled the hazard rate A(t) at time ¢ as a function of the stratified baseline
hazard rate \y(t) and the risk factors of interest, x;. The baseline hazard rate A4(t)
represents the hazard if all x; are equal to zero in a strata g. The coefficient S;
represents the effect size of the risk factor x; as a proportional change in hazard per
change in 1 unit of the risk factor. The coefficients 8; are then compared to the null
model based only on time.

A(t) = Ag,i(t) exp(Biz:) 1

Bi values were modelled for defoliation onset and mortality risk for each risk

factor in table For interpretation, 3; values are presented as hazards ratios (log
of ;) which represents risk relative to the baseline risk.

2.5.1 Visualisation and Interpretation

Hazard ratios (HR) and 95%CI for each factor are visualised using a forest plot
(fig. [3). Factors with proportional hazards greater than 1 and with confidence in-
tervals not overlapping 1 are associated with a greater risk of defoliation onset or
mortality while those below 1 a reduce risk. Cox model HR values are interpreted as
a proportion change per unit change in the risk factor. For instance, a HR of 1.1 for
the proportion of fir in the landscape would be interpreted as a 10% increase in risk
per 1% increase in proportion of fir in the landscape, whereas a HR of 0.98 would
translate to a reduction in risk of 2% per 1% increase in the proportion of fir in the
landscape.
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3 Results

The average spread of the outbreak was 23 km/yr as measured by the year to year
growth in convex hull radius. This resulted in 8 strata of approximately 400 windows
each.

3.1 Omnset and Mortality

A 10% increase in the proportion of fir in a window increased the probability of
onset by 9.2% and the risk of mortality by 17.7% (Proportion Fir in Table |2} fig.
p-values <= 0.001). On the other hand, an increase of 10% in relative spruciness
had the opposite effect and decreased the risk of onset by 6.7% (Relative Spruciness
in Table [2| fig. |3 p = 0.001) and mortality by 32.6% (Table [2} fig. |3} p < 0.001).
Relative spruciness had the largest single effect of any factors on mortality and was
also the only negative influence on both onset and mortality.

The risk of defoliation onset increased by 34.5% per 10% increase in hardwood
proportion relative to fir (Relative Hardwood in Table fig. [3] p= 0.013). However,
relative hardwood had no effect on tree mortality.

A 10% increase in forest patch LSI increased the risk of defoliation onset by 26.4%
(Forest Configuration in table [2| fig. [3 p = 0.001). The number of forest patches
had no effect on defoliation of mortality risk (Forest Number of Patches in Table
fig. [3l p > 0.001). A 10% increase in fir patch LSI in a window increased the risk of
defoliation onset by 36.5% (Fir Configuration in Table [2] fig. [3] p < 0.001), but at
no effect either on mortality risk. The number of fir patches in the window increases
the risk of defoliation onset by 3.8% per 10% increase in patch numbers, but had no
effect on mortality risk (Fir Number of Patches in Table[2] fig. [3] p < 0.001).

Table 2: Cox’s proportional hazards ratios (HR) and significant per 10 % in-
crease in risk for different risk factors associated with onset of SBW defoliation
and mortality of SBW host trees.

Onset Mortality
Factor HR Per 10% p HR Per 10% p
Proportion Fir 1.01 9.2 <0.001 1.02 17.7 0.001
Relative Spruciness 0.99 —6.7 0.001 0.96 —-32.6 < 0.001
Relative Hardwood 1.03 34.5 0.013 0.97 — 0.379
Fir Configuration 1.03 36.5 < 0.001 1.00 — 0.96
Forest Configuration  1.02 26.4 0.001 0.97 — 0.26
Fir Patch Number 1.00 3.8 < 0.001 1.00 — 0.466
Forest Patch Number 1.00 1.2 0.539 1.00 — 0.543

10
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Figure 3: Hazards ratios of landscape risk factors (Table |1)) to SBW defolia-
tion onset and mortality from Cox’s proportional hazards models. HR values
represent risk of onset of epidemic (circles) or risk of tree mortality after onset
(triangles) proportional to baseline risk where the factor of interest is zero.
Factors where the 95% CI’s overlap 1 are considered significant.

4 Discussion
The results presented here show that both the spatial and temporal scales of observa-

tion are important in understanding how local mechanisms influence SBW defoliation
onset and mortality. Defoliation onset is mainly influenced by the ability for SBW

11
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to locate and colonise patches; while tree species composition and host suitability
is more important in determining the risk of tree mortality. Recognising that these
mechanisms play different roles at different stages of an outbreak creates a finer tem-
poral understanding of the progression of SBW outbreaks to tree mortality. Our
results show that landscape configuration of forest patches influence the risk of de-
foliation onset (fig. . More precisely, landscapes containing forest patches with
more complex shapes, or more fir trees and fewer black spruce stands in the forest,
increase the risk of defoliation onset (fig. . This pattern is not seen when investi-
gating the risk of mortality in the same landscapes with high LSI (fig. . Once SBW
are established, tree species composition is the only factor that influences mortality

(fig. .

4.1 Defoliation onset and landscape configuration

Increased risk of defoliation onset was most associated with increased complexity in
the configuration of fir patches at the landscape scale. The smaller increase in the
risk of defoliation onset due to the number of fir patches in relation to the LSI of fir
patches suggests that movement about the landscape for the SBW is limited not only
by non-contiguous fir patches, but by their irregular shapes. |Cappuccino et al.| (1998])
suggested that small patches of fir would be more protected than large ones from
parasitism and that this effect would be stronger than isolation alone. However, our
results show that it is not only the islands of fir in a forested landscape that influence
the onset of SBW defoliation but also the configuration of forest patches (regardless
of their composition). This result suggests a potential role for parasitoid escape, as
the SBW can move between patches more easily and over greater distances than its
parasitoids (Cappuccino et al., |[1998; [Stireman et al., 2005). A similar mechanism
of parasitoid escape was evoked to explain the greater impact of another defoliator,
the forest tent caterpillar, in fragmented trembling aspen forests (Roland) [1993)).

The importance of landscape configuration for defoliation onset could also be
associated with a crowding effect. This effect occurs when the concentration of a
resource or habitat in a fragmented landscape leads to greater use of that resource
as it is the only suitable habitat remaining, leading to greater defoliation due to
increased herbivore concentration on fewer host patches (Yamamura, [2002)). As forest
harvesting is influencing the shape and reducing the number of forest patches such
a crowding effect is a possibility for defoliation onset. Subsequent relaxation of the
crowding effect, as observed in fragmentation studies (Debinski and Holt}, [2000)), is
also consistent with the fact that we did not observe an increase in mortality in these
patches.

Long distance dispersal of the SBW from areas of high density into areas of
low density are common, and likely form a key part of the dynamics of the SBW
outbreak (Régniere and Nealis| 2019). Although |Anderson and Sturtevant| (2011}
found less support for a SBW dispersal model that included forest patches of host
species than a directional wind based model, they only looked at moth dispersal
and not subsequent establishment and defoliation. Our work thus suggests that
establishment and defoliation onset are subsequently influenced by forest structure.
This is compatible with work that suggests that egg and larval survival influence the
subsequent defoliating generation and thus onset, although not long-term temporal
trends (i.e. mortality) (Debinski and Holt, 2000). This result may support a type of
modified crowding effect where dispersing SBW moths hone in on patches of the most
vulnerable hosts. As with many ecological phenomena these potential mechanisms
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may be complementary rather than competing, and resource concentration as well as
parasitoid escape by density dependant long-distance dispersal may be contributing
to the observed effects on defoliation onset.

Though the configuration of the landscape elicited the greatest risk increase to
defoliation onset, forest composition was also important. More fir is associated with
greater SBW defoliation at the stand scale (Hennigar et al.| 2008; |[Thomas|, [1989); a
pattern that scales up to the landscape in the present study. The SBW is more fe-
cund where it has a better quality diet (Delisle and Hardy} [1997; |[Nealis and Régniére,
2004a)). This is conistent with our results where composition had a smaller effect on
onset than on mortality, which requires high populations. A greater relative spruce
proportion in relation to fir in the landscape reduces risk of onset and also subsequent
mortality. Reduce onset may be due to the phenological mismatch between the SBW
and black spruce and thus more difficulty in establishing in a black spruce forest.
Unsynchronised phenology om combination with poorer forage quality will subse-
quently lead to fewer SBW and lower fecundity (Bognounou et al., 2017} [Fuentealbal
. When interspersed amongst fir in a landscape, black spruce trees draw
egg laying SBW females, and divert some herbivory pressure from the more edible
fir trees (Bognounou et all [2017)).

An interesting result of the current study is the increased risk of onset in forests
with a high relative hardwood proportion. At the stand scale, increasing hardwood
content of a forest tends to decrease observed defoliation. At this scale, isolated fir
trees amongst hardwood benefit from the protective effect of non-hosts
However, as we scale our observations this relationship reverses. The protective effect
of hardwoods found at a stand scale may be attributed to the reduced likelihood of
landing on an appropriate hosts, the dilution effect, in a mixed stand during pre- or
post-winter dispersal of early stage SBW larvae (Régniére and Nealis, 2008} [Zhang|
[2020). With larval SBW dispersal often not exceeding 30m (Batzer, 1968), this
mechanism may act only at a local scale and not be influential at a landscape scale
where dispersing moths may focus on the any hosts that are present to lay eggs and
thus influence onset.

4.2 Mortality and forest composition

Unlike defoliation onset, tree mortality is not associated with the configuration of
the landscape. Instead, species composition becomes relatively more influential for
predicting tree mortality. This suggests that the role of landscape level forest com-
position is more critical for population growth than for its role in migration and
establishment. This is reflected in the results with the only significant factors for
mortality being the proportion of fir and the relative spruciness; the factors related
directly to reproductive success and not related to dispersal or migration. The pro-
portion of fir in the landscape increases the risk of defoliation in the same manner
as before the onset of defoliation (Hennigar et al.| |2008; ' Thomas| [1989). A greater
proportion of fir in the landscape translates into greater food availability and fecun-
dity for the SBW (Delisle and Hardy, [1997; [Nealis and Régnierel [2004a)). Likewise,
the associational resistance effects of black spruce may reduce the risk of mortality
in landscapes with more spruce (Bognounou et al., 2017, [Fuentealba et al.l [2020]).
However, as populations are well established by this stage, additional SBW dispersal
into the population may not do so in numbers that affect the risk of tree mortality,
reducing the role of host and forest configuration in determining mortality.

13



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

4.3 Interpretation for forest management

All together, our results show that the roles of different landscape factors change as
the outbreak progresses. Forest configuration is a key factor in determining where
outbreaks will occur in a forested landscape and thus in risk analyses for pest man-
agement. Forest harvesting that isolates stands or creates complexity in the shapes
of tree patches increases risk that defoliation will begin. The creation of smaller, less
regular patches, especially of fir, should thus be avoided especially when black spruce
are also harvested. This observation is in agreement with a recent study showing
that a decrease in forest patch size after harvesting increases losses to the SBW
(Kneeshaw et al.,|2022)). Landscapes with fir dominated patches, either in cut-blocks
or in forests are likely to be the first defoliated.

However, once the SBW is established, forest composition is the dominant factor
influencing subsequent severity but this offers foresters the opportunity to reduce
mortality by manipulating composition at the landscape level (Sainte-Marie et al.l
2015). |Kneeshaw et al| (2021), however, listed impediments to doing so and the
present study quantifies the difficulty related to the proposal as a reduction of 32.6%
risk would require a 10% increase in the proportion of spruce across the landscape.
In other words in a 100 000 ha landscape over 10 000 ha of spruce would need to be
planted to reduce risk by 1/3. However, our analysis, similarly to [Kneeshaw et al.
(2022)), highlights that the loss of black spruce would increase mortality risk and
if this loss is accompanied by a conversion to fir then a 50% increase in damage
could occur (i.e. a conversion of 10% of the landscape from spruce to fir). As it is
difficult to replace fir with spruce while relatively easy to convert spruce to fir due
to abundant advance fir regeneration it is easier to increase risk than to decrease
it at the landscape scale. Forests rich in spruce and those where fir abundance is
limited, have the lowest risk of mortality. Nonetheless, planting spruce to create SBW
resistant landscapes would require a phenomenal effort. However, maintaining spruce
abundance in forests can prevent the establishment of forests that are greatly at risk
of SBW defoliation and mortality (Sainte-Marie et al., 2015)). Forest harvesting
today seems to be creating at risk forests through the preferential harvesting of
spruce, which may result in greater tree mortality and defoliation in the future.

4.4 Limitations

As a first approximation of SBW defoliation patterns at a landscape scale, our study
suffers from a few limitations. The first is that the forest composition data is a
static data set from a single year (2021). Though a more accurate representation
of the forest community each year would undoubtedly increase confidence in the
results of this study, the use of a single year does not necessarily invalidate our
results. Changes in forest composition tend to happen on the scale of decades and
not years. Given young trees may take 40 years to reach maturity, the 14 year time
span of the present study is short enough to limit the influence of tree community
changes on the result. The second is a lack of abundance data for the SBW. Using
defoliation as a proxy for SBW abundance can help us understand the patterns that
emerge due to dipseral and successful colonisation but can leave us with a results that
are ambiguous regarding the mechanisms for successful onset or mortality. A more
direct measure of the abundance of the SBW over the study area, while far more
difficult to collect, would help to tease apart mechanisms from patterns, allowing us
to distinguish between hypotheses where multiple explanations exist. Future work
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at the landscape scale, whether modelling or empirical, would benefit focusing on
SBW parasitoids to determine mechanisms underlying these patterns.

4.5 Conclusions

In conclusion, our analysis provides a key demonstration of the influence of landscape-
scale forest configuration on SBW outbreaks and landscape-scale forest composition
on tree mortality during outbreaks of the SBW. Additionally, this result is the first
to show the importance of landscape-scale patterns to the progression of SBW out-
breaks. Isolated forest patches and particularly stands of pure fir, whether amongst
other tree species, or standing alone, have the greatest risk of being early epicentres
of defoliation. Increasing the proportion of spruce and decreasing the proportion of
fir are the strongest measures for reducing mortality losses to the SBW. Well de-
signed and future proof forestry management strategies should avoid clear cuts and
the development of fir monoculture in the forest.
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