Senf, C., Campbell, E.M., Pflugmacher, D., Wulder, M.A. and Hostert, P. (2017). A multi-scale
analysis of western spruce budworm outbreak dynamics. Landscape Ecology. Vol. 32, pp. 501-514.
DOI: http://dx.doi.org/10.1007/s10980-016-0460-0

Title: A multi-scale analysis of western spruce budworm outbreak dynamics

Authors: Cornelius Senf’, Elizabeth M. Campbell2, Dirk Pﬂugmacherl, Michael A. Wulder?, and

Patrick Hostert'”

Affiliations: 'Geography Department, Humboldt-Universitit zu Berlin, Unter den Linden 6,
10099 Berlin, Germany; “Canadian Forest Service (Pacific Forestry Centre), Natural Resources
Canada, 506 West Burnside Road, Victoria, BC, V8Z 1M5, Canada; 3Integrative Research
Institute on Transformations of Human-Environment Systems (IRI THESys), Humboldt-

Universitit zu Berlin, Unter den Linden 6, 10099 Berlin, Germany

Corresponding author: Cornelius Senf; cornelius.senf@geo.hu-berlin.de; Phone: +49 (030)

2093-9433; Fax: +49 (030) 2093-6848

Submitted to: Landscape Ecology
Submitted on: 16. June 2016
Submitted in revised form on: 24. October 2016

Accepted for publication: 01. November 2016

Disclaimer: The PDF document is a copy of the final version of this
manuscript that was subsequently accepted by Landscape Ecology for
publication. The paper has been through peer review, but it has not been

subject to any additional copy-editing or journal specific formatting.
DOI: 10.1007/s10980-016-0460-0




Abstract

Context: Forest insect outbreaks are influenced by ecological processes operating at multiple
spatial scales, including host-insect interactions within stands and across landscapes that are
modified by regional-scale variations in climate. These drivers of outbreak dynamics are not well
understood for the western spruce budworm, a defoliator that is native to forests of western North

America.

Objectives: Our aim was to assess how processes across multiple spatial scales drive western
spruce budworm outbreak dynamics. Our objective was to assess the relative importance and
influence of a set of factors covering the stand, landscape, and regional scales for explaining

spatiotemporal outbreak patterns in British Columbia, Canada.

Methods: We used generalized linear mixed effect models within a multi-model interference
framework to relate annual budworm infestation mapped from Landsat time series (1996-2012)
to sets of stand-, landscape-, and regional-scale factors derived from forest inventory data, GIS

analyses, and climate models.

Results: Outbreak patterns were explained well by our model (R* = 92%). The most important
predictors of infestation probability were the proximity to infestations in the previous year,
landscape-scale host abundance, and dry autumn conditions. While stand characteristics were
overall less important predictors, we did find infestations were more likely amongst pure

Douglas-fir stands with low site indices and high crown closure.

Conclusions: Our findings add to growing empirical evidence that insect outbreak dynamics are

driven by multi-scaled processes. Forest management planning to mitigate the impacts of



budworm should thus consider landscape and regional factors in addition to stand-scale factors

on outbreak dynamics.

Keywords: Disturbance; Budworm (Choristoneura ssp.); Western spruce budworm
(Choristoneura freemani Razowski = Choristoneura occidentalis Freeman); Defoliation;

Landsat; British Columbia
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1. Introduction

Defoliation by insects is a natural phenomenon that occurs in forest ecosystems around the globe.
Species from the genus Choristoneura ssp. are the most important native forest defoliators in
North America (Nealis 2008; Volney and Fleming 2007). While native defoliators are an integral
part of forest ecosystems and important for maintaining ecosystem functioning and heterogeneity
(Turner 2010), past outbreaks of the eastern spruce budworm (C. fumiferana Clemens), jack pine
budworm (C. pinus pinus Freeman), western spruce budworm (C. freemani Razowski = C.
occidentalis Freeman), and 2-year-cycle spruce budworm (C. biennis Free.) have caused
widespread defoliation in coniferous forests of North America. Historic records indicate that
outbreaks have increased in duration, intensity, and spatial extent during the last century (Flower
et al. 2014; Swetnam and Lynch 1993), raising concerns about the future role of susceptible
forests for provision of important ecosystem services such as carbon sequestration (Dymond et al.
2010; Kurz et al. 2008) and timber supply (Alfaro et al. 1982; Gray and MacKinnon 2006). To
better predict and manage the impact of future defoliator outbreaks, an improved understanding

of their underlying ecological processes is required.

Several studies have identified common stand factors influencing the dynamics of western
spruce budworm outbreaks: stand species composition, stand structure, and site quality, among
others (Alfaro et al. 2001; Hadley and Veblen 1993; Heppner and Turner 2006; Nealis and
Regniere 2014; Nealis and Régniere 2009). Those studies, building on earlier recommendations
(Carlson and Wulf 1989), led to the development of management strategies to reduce stand
susceptibility to future outbreaks, such as changing the species composition or structure by
thinning or similar silvicultural actions (MacLean et al. 2001). However, as research on eastern

spruce budworm (Campbell et al. 2008; Cappuccino et al. 1998) and other forest insect species
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(Bouchard and Auger 2013; Foster et al. 2013; Simard et al. 2012) indicates, stand characteristics
alone cannot fully explain observed spatiotemporal patterns of insect outbreaks. This suggests
that the dynamics of insect outbreaks are also driven by processes that extend well beyond the
stand scale (Raffa et al. 2008). Not accounting for larger-scale processes hampers predictive
models of budworm dynamics and management strategies to mitigate the impacts of future

outbreaks.

Landscape- to regional-scale variations in climate and forest composition/structure are
important drivers of insect outbreak dynamics. Regional weather variability, in particular
moisture deficits, governs budworm population dynamics through synchronizing budworm and
host phenology and through determining the quantity and quality of food (Nealis 2012). Weather
variability can thus trigger and synchronize the eruption of localized outbreaks (Flower et al.
2014). During outbreak build-up, higher budworm abundance leads to increased dispersal
(Anderson and Sturtevant 2011) and thus to the expansion of distinct and randomly distributed
infestation patches to more continuous, landscape-scale patterns (Bouchard and Auger 2013;
Sturtevant et al. 2004; Turner and Gardner 2015). However, even within regional-scale
homogenous climate, not all susceptible forests experience the same level of defoliation,
suggesting that some factors at the landscape scale facilitate or dampen the expansion of
budworm outbreaks. Several studies provide empirical evidence that outbreak severity is not only
affected by stand-scale characteristics but also by the composition and configuration of host
populations in the surrounding landscape (Bouchard and Auger 2013; Campbell et al. 2008;
Radeloff et al. 2000). In particular, landscape-scale host abundance and configuration is thought
to influence adult moth dispersal and predator-prey interactions. Thus, while stand-scale
characteristics can explain variation in localized infestations patterns during periods of low

budworm densities, it is the interaction of regional-scale weather variability and landscape
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structure that likely determines infestation patterns during outbreaks (Sturtevant et al. 2015). To
improve our understanding — and capacity to predict — the spatiotemporal patterns of budworm
outbreaks, we therefore need to consider processes and interactions across multiple scales,

including the stand, landscape, and regional scale.

Understanding the multi-scaled processes underlying insect outbreaks requires an explicit
view at the spatial and temporal outbreak patterns over large geographic extents, yet little data
sources exist that track the dynamics of forest insects at a spatial and temporal resolution suitable
for conducting landscape-scale analyses. Previous studies either used aerial overview survey
maps (Bouchard and Auger 2013), which have known limitations in terms of spatial accuracy
(Wulder et al. 2006); or maps created from aerial photo interpretation (Seidl et al. 2015), which
often only cover small geographic extents (Wulder et al. 2004). Remote sensing, in particular the
Landsat series of satellites, have the potential to fill this data gap (Kennedy et al. 2014). Recent
advances in the Landsat time series based mapping of bark beetles and defoliator disturbances
have allowed to map the spatiotemporal dynamics of insect infestation at an ecologically valuable
spatial (30 m) and temporal (annual) resolution (Meigs et al. 2015; Senf et al. 2015; Townsend et
al. 2012), thus allowing for the development of spatially and temporally explicit models of

outbreak dynamics (Foster et al. 2013).

Our aim was to assess how ecological processes at multiple spatial scales drive budworm
outbreak dynamics. We focused on the western spruce budworm, which is an important native
defoliator of coniferous forests in western North American. Western spruce budworm primarily
feeds on Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) and true fir (4bies spp.) and has
recently been affecting large parts of the western United States and Canada (Hicke et al. 2012).

Despite its economic and ecological importance for forests of western North America, the drivers
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of western spruce budworm outbreak dynamics are yet largely unknown. Using annual (1996-
2012) Landsat-based maps covering the recent outbreak of western spruce budworm in British
Columbia, Canada, our objective was to assess the relative importance and functional relationship
of a set of factors hypothesized to influence western spruce budworm outbreak dynamics at stand,
landscape, and regional scales. We hypothesized that — in addition to stand factors — the
probability of western spruce budworm infestation is driven by spatiotemporal variability in the
abundance and configuration of budworm populations and their hosts within the landscape, by

regional variability in climate, and by the interactions among these factors.

2. Data and methods

2.1. Study area

Our study area is located in British Columbia, Canada. It is delineated by the Interior Douglas-fir
(IDF) biogeoclimatic zone (Hope et al. 1991) plus a 10 km buffer, which was added to mitigate
possible edge effects in our analysis (Fig. 1). The study area, which is amongst the driest
bioclimatic regions of Canada, is dominated by nearly homogeneous stands of Douglas-fir
between 900 and 1,200m, mixed stands of Douglas-fir and ponderosa pine (Pinus ponderosa
Douglas ex C. Lawson) between 600 and 900 m, and mixed stands of Douglas-fir and lodgepole
pine (Pinus contorta Douglas) between 1,200 and 1,450 m above sea-level. Forests at higher
elevations and further north in the study area are dominated by lodgepole pine, which is not a
budworm host. The study area has experienced widespread defoliation by western spruce
budworm in recent decades (Maclauchlan et al. 2006) and infestation by mountain pine beetle
(Wulder et al. 2009). Forest health reports produced by the province of British Columbia indicate

that western spruce budworm has defoliated more than one million hectares of forest in the
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Figure 1: Map of western spruce budworm infestations (a) for the study area location in British
Columbia, Canada (b). For better interpretability years of infestation were grouped in quintiles.
Forest land indicates all land potentially covered by forest according to the Vegetation Resource
100 Inventory, whereas forest represents actual forest cover in 1996 as mapped from Landsat. The
inset (c¢) shows sampling location example with the three radial buffer sizes (1,000, 2,000, 5,000

m) used for calculating landscape indices (host abundance and host edge density).

2.2 Response variable and sampling design

In a previous study, Senf et al. (2015) identified and attributed annual changes in the spectral-

105  temporal signal of Landsat pixels (30 by 30 m) to either harvest/fire, bark beetle, or defoliator
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disturbances. In turn, this information supported a landscape-scale analysis of spatiotemporal
western spruce budworm infestation patterns (Senf et al. 2016). Based on this information, the
response variable used for subsequent analyses — annual spruce budworm infestation in a given
Landsat pixel — was derived for the period 1996-2012. To minimize the number of data points
(i.e., Landsat pixels) used, and thus the computational resources needed for data analyses, we
applied a case-cohort sampling design. A case-cohort sampling design is efficient for rare events
(as in our case where outbreaks pixels only represented 0.4% of all pixels) that allows for un-
biased parameter estimation with minimum correction (King and Zeng 2001). We first randomly
sampled 10,000 pixels from the whole study area and for each year and then, in a second step,
randomly dropped absence samples in order to arrive at 1,000 samples per year. The total sample

size thus consisted of 17,000 Landsat pixels (1,000 per year for 17 years, Table 1).

Table 1: Annual distribution of samples with western spruce budworm infestation.

Year Not infested Infested
1996 999 1
1997 997 3
1998 993 7
1999 998 2
2000 976 24
2001 909 91
2002 871 129
2003 808 192
2004 943 57
2005 943 57
2006 972 28
2007 951 49
2008 975 25
2009 968 32
2010 999 1
2011 997 3
2012 1000 0

2.3 Potential predictors of western spruce budworm infestation
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We assembled 13 predictor variables hypothesized to influence the dynamics of spruce budworm

at the stand, landscape, and regional scale (Table 2).

Table 2: Predictor variables used in the model. The predictor variables are grouped among

observation scale (stand, landscape, and regional scale). A brief description of the hypothesized

relationship with western spruce budworm infestation is given.

Predictor variable

Scale . Hypothesized influence on infestation
[unit]
Sign Hypothesis Source
Higher availability of food and reduced losses Swetnam and Lynch
Stand Host abundance [%] + & Y . 2003; Nealis and
during budworm dispersal. L
Régniére 2009
High age indicates stands more susceptible to
Age [years] + defoliation from Choristoneura fumiferana MacLean 1980
(Clem.).
Crown closure [%] . ngher crown closure decreases budworm Nealis and Régnicre
dispersal losses. 2009
Higher site index indicates stands less
Site index [m] - susceptible to defoliation by Choristoneura Alfaro et al. 2001
Sfumiferana (Clem.).
Vertical complexity -+ ngher vertical complexity decreases budworm Shepherd 1994
dispersal losses.
Elevation [m] i ngher elevation areas might experience less
moisture stress.
Slope [degree] i Steeper slopes might experience less moisture
stress.
Host abundance [%]
Landscape within 1000, 2000, . Higher landscape-scale host abundance Radeloff et al. 2000;
P and 5000 m radial facilitates insect dispersal. Campbell et al. 2008
buffer (Fig. 1c)
Host edge density . . . . .
o g Higher edge density facilitates insect dispersal,
[%] within 1000, . . . .
+/-  though higher edge density also increases risk ~ Radeloff et al. 2000
2000, and 5000 m of budworm predation and disease
radial buffer (Fig. 1c) p '
Distance to . .o . Anderson and Sturtevant
. o Stands closer to infestation in the previous year ]
infestation in the - . . . 2011; Bouchard and
. are at higher risk of adult moth dispersal.
previous year [m] Auger 2013
. Summer precipitation Lower summer precipitation increases host Senf et al. 2016; Flower
Regional water stress and thus supports larvae
[mm] etal. 2014
development.
Autumn precipitation Lower autumn precipitation increases host Senf et al. 2016:
water stress and thus supports larvae .
[mm] Mildrexler et al. 2016
development.
Winter temperature n Higher winter temperatures improve larvae Senf et al. 2016; Flower
[°C] overwintering success. etal. 2014
Spring temperature n Higher spring temperatures improve larvae Swetnam and Lynch

[°C]

survival through increased synchrony with host.

1993
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2.2.1 Stand-scale predictors

Stand characteristics were obtained from British Columbia’s Vegetation Resource Inventory
(VRI) database, which is a polygon-based inventory database populated and updated by photo-
interpretation and field measurements (Leckie and Gillis 1995). We focused on six stand
characteristics known to influence budworm habitat (Alfaro et al. 1985; Nealis et al. 2009;
Shepherd 1994): age (years), crown closure (percent of forest floor covered by forest canopy),
host abundance (density of hosts as a percentage of total tree density), tree density (number of
living stems per ha), site index (a metric of forest productivity measured as tree height at a given
reference age) as measure of site productivity, and vertical complexity of the tree canopy (ordinal
measure from 1 [very uniform] to 5 [very non-uniform]). The polygon-based inventory database
was rasterized to a 30 by 30 m grid to match the spatial resolution of the Landsat-based map.
Finally, we used a digital elevation model for estimating height and slope at each sampling

location.

2.2.2 Landscape-scale predictors

We developed three predictors that describe the spatial distribution of host stands and budworm
populations at landscape scale. First, we calculated the abundance and edge density of host tree
patches within 1,000, 2,000, and 5,000 m radial buffers centered on each sampled Landsat pixel
to characterize the spatial composition and configuration of host forests within the surrounding
landscape (Fig. 1c). The buffer sizes were chosen based on a study of another Choristoneura
species (Radeloff et al. 2000), because little is known about western spruce budworm dispersal

distances (Flower et al. 2014). Second, we calculated the Euclidian distance between each
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sampled pixel and the nearest western spruce budworm infestation in the previous year, assuming
proximity to an infestation in the previous year increases the risk of infestation in the current year

from dispersing adult moths (Anderson and Sturtevant 2011) .

2.2.3 Regional-scale predictors

We acquired climate data from ClimateWNA (Wang et al. 2012), which generates climate time
series for given locations using a down-scaled version of regional-scale PRISM climate model
(Daly et al. 2002). We generated seasonal values of average temperature and total precipitation
for our study region for each year of our study period. From these data, we extracted four climate
variables: summer precipitation and autumn precipitation in the previous year, as well as winter
and spring temperature, which for all four we found evidence for importance for the development
of regional scale western spruce budworm outbreaks in a previous study (Senf et al. 2016).
Summer and autumn precipitation deficits may decrease Douglas-fir growth, vigor, and resistance
to defoliation, allowing western spruce budworm populations to build (Flower et al. 2014).
Extreme winter temperature can substantially reduce populations of over-wintering larvae.
Extreme spring temperatures, and to a lesser extent winter temperatures, influence the
phenological synchrony of western spruce budworm egg hatch and the annual flush of Douglas-

fir foliage on which newly emerged larvae feed (Nealis 2012; Swetnam and Lynch 1993).

2.4 Statistical analysis

We used hierarchical generalized linear mixed models (GLMM) with a logit link function to
explain the annual probability of western spruce budworm infestation at the pixel level (Bolker et
al. 2009). Using hierarchical GLMM allowed us to integrate fixed effects measured at varying

spatial scales while simultaneously accounting for annual differences in western spruce budworm

12


https://www.researchgate.net/publication/221995574_Generalized_Linear_Mixed_Models_A_Practical_Guide_for_Ecology_and_Evolution?el=1_x_8&enrichId=rgreq-edcaa95f3e9343480d30b5114cbdd55f-XXX&enrichSource=Y292ZXJQYWdlOzMwOTU4MTEwMztBUzo0MjQ5NzI1MTU1ODE5NTJAMTQ3ODMzMjc1MTA4Ng==
https://www.researchgate.net/publication/221995574_Generalized_Linear_Mixed_Models_A_Practical_Guide_for_Ecology_and_Evolution?el=1_x_8&enrichId=rgreq-edcaa95f3e9343480d30b5114cbdd55f-XXX&enrichSource=Y292ZXJQYWdlOzMwOTU4MTEwMztBUzo0MjQ5NzI1MTU1ODE5NTJAMTQ3ODMzMjc1MTA4Ng==
https://www.researchgate.net/publication/250220860_A_Knowledge-Based_Approach_to_the_Statistical_Mapping_of_Climate?el=1_x_8&enrichId=rgreq-edcaa95f3e9343480d30b5114cbdd55f-XXX&enrichSource=Y292ZXJQYWdlOzMwOTU4MTEwMztBUzo0MjQ5NzI1MTU1ODE5NTJAMTQ3ODMzMjc1MTA4Ng==
https://www.researchgate.net/publication/258658989_ClimateWNA-High-Resolution_Spatial_Climate_Data_for_Western_North_America?el=1_x_8&enrichId=rgreq-edcaa95f3e9343480d30b5114cbdd55f-XXX&enrichSource=Y292ZXJQYWdlOzMwOTU4MTEwMztBUzo0MjQ5NzI1MTU1ODE5NTJAMTQ3ODMzMjc1MTA4Ng==

170

175

180

185

190

infestation probability not explained by our model. A model that does not consider the multi-
level structure of the data might not detect minor effects and bias inferences made based on the

model. The model used in this study is defined as:
P(y; = 1) = logit " (X;f + ;)

with P(y; = 1) indicating the probability of infestation at pixel 7, )X; is a matrix containing the
stand- and landscape-scale predictors at each pixel, the vector f contains the fixed effects at the
stand-and landscape-scale, and ¢; is the intercept varying among years j. The varying intercept is

modeled by a normal distribution:
aj = N(yo + Uyy,0?)

with y representing the baseline probability of occurrence, U, is a matrix of regional-scale
predictors available for each year j, the vector y contains the regional-scale fixed effects, and o7 is

the annual variability in infestation probability not explained by the regional predictors.

We first fitted a full model with all predictors shown in Table 2 as fixed effects. However, host
abundance and host edge density were highly correlated among the three nested buffer sizes
(Pearson » > 0.7 and variance inflation factor > 5 for the 1,000 and 2,000 buffers), and host
abundance within the 1,000 and 2,000 m buffer correlated moderately with host abundance at the
stand scale (Pearson » > 0.55). To reduce multicollinearity in our model, we dropped host
abundance and edge density measured within the 1,000 and 2,000 m buffers and only included
both variables measured within the 5,000 m buffer. That way, we reduced the variance inflation
factor to < 5, indicating low multicollinearity among predictors, while two variables
characterizing host abundance and configuration in 5 km around each pixel and one variable

characterizing host abundance at a smaller spatial scale (within a stand) were included in the
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model. We tested for intra-scale interactions between stand host abundance and other stand-scale
predictors, for intra-scale interactions between landscape-scale host abundance and edge density
and distance to infestation in the previous year, and for cross-scale interactions between the
distance to infestation in the previous year and regional-scale weather variables. Intra-scale

195 interactions for stand-scale variables were considered in order to control for species composition,
on the one hand, and for effects of habitat structure on moth dispersal, on the other. Inter-scale
interactions were chosen to represent the effect of weather on moth dispersal. We finally centered
and scaled all predictors to zero mean and a standard deviation of one to improve model

convergence and interpretability of the estimated parameters and interactions.

200 To identify the models with the greatest likelihood from all possible predictor
combinations, we followed a multi-model inference framework (Burnham et al. 2010). The
performance of each model was assessed based on the marginal R* (R”, variance explained by
the fixed effects; Nakagawa et al. (2013)), the conditional R* (R’., variance explained by both the
fixed and random effects; Nakagawa et al. (2013)), the Akaike’s information criterion corrected

205  for small sample sizes (AICc; Grueber et al. (2011)), and the corresponding Akaike weights
(WwAICc), which assigns a relative strength of evidence to each competing model (Link and
Barker 2006). This information-theoretic framework is better suited to conducting statistical
inference than classical methods, because it does not rely on arbitrary thresholds such as P <
0.05. Using the likeliest set of models (AAICc < 2), we used model averaging to calculate

210 average estimates and confidence intervals for each predictor. To address a potential bias in our
estimates due to spatial and temporal auto-correlation in the residuals, we used robust sandwich
estimators of the variance-covariance matrix (Zeileis 2006). The relative influence of each
predictor was assessed based on the summed Akaike weights (3wAICc). All statistical analyses

were performed in the R Language and Environment for Statistical Computing (R Core Team
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2014), using the sandwich (Zeileis 2006), Ime4 (Bates et al. 2015), and MuMIn (Barton 2009)

packages.

3. Results

We identified nine models with AAICc < 2 and very good explanatory power of 93 to 94% for
the marginal R” and 95% for the conditional R* (Table 3). Thus, the random effect from annual
variation in the intercept term explained only 1 to 2% of the observed variance in spatiotemporal
outbreak patterns. The intercept of -7.81 indicated a very low baseline infestation probability of <
0.01 at mean values of all predictors (after correction for the case-control sampling design; King

and Zeng (2001)), with small annual variation (¢* ~ 0.67).

We identified several important predictors of budworm outbreak dynamics (Table 3).
Distance to infestation in the previous year, host abundance at the stand- and landscape-scale,
crown closure, site index, vertical complexity, autumn precipitation, elevation, and slope were
included in all candidate models with AAICc <2 (3XwAICc = 1). Spring temperature had lower but
still moderate support from the candidate models (Y wAICc = 0.63). Age, edge density, summer
precipitation, and winter temperature had lowest support from the candidate models (Y wAICc <
0.2). There was strong evidence for cross-scale interactions between autumn precipitation and
distance to infestation in the previous year (3wAICc = 1). Moreover, there was strong evidence
for intra-scale interactions between landscape-scale host abundance and distance to infestation in
the previous year (Y wAICc = 1), as well as for intra-scale interactions between stand-scale host

abundance and site index and vertical complexity (both >wAICc = 1).
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Table 3: Likeliest (AAICc<2) GLMM models explaining western spruce budworm infestation probability.

Predictor variable Model 2WAIC Average (95% CI)
1 2 3 4 5 6 7 8 9 10 11 ¢

Intercept -7.81  -7.81 -7.81  -7.81  -7.81 -7.80  -7.81 -7.80  -7.79  -7.81 -7.81 -7.81 (-8.6 - -7.01)

Host abundance (stand) 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 1.00 0.54 (0.41 - 0.67)

Age 0.01 0.06 0.01 (-0.09 - 0.11)

Age x host abundance (stand) 0.00

Crown closure 0.12 0.12 0.12 0.09 0.09 0.12 0.12 0.12 0.12 0.12 0.12 1.00 0.12 (0.01 - 0.22)

Crown closure x host

abundance (stand) 0.05 0.05 0.17 0.05 (-0.07 - 0.16)

Site index 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 1.00 0.02 (-0.11 - 0.16)

Site index x host abundance

(stand) -0.23 -023 -023 -024 -024 -023 -023 -023 -023 -0.23 -0.23 1.00 -0.23 (-0.36 - -0.1)

Vertical complexity -026 -026 -026 -026 -026 -027 -026 -027 -026 -0.26 -0.26 1.00 -0.26 (-0.41 - -0.12)

Vertical complexity x host

abundance (stand) 0.21 0.22 0.21 0.22 0.22 0.22 0.21 0.22 0.21 0.22 0.21 1.00 0.22 (0.08 - 0.35)

Elevation -0.14 -0.14 -0.13 -0.13 -0.13 -0.14 -0.14 -0.14 -0.14 -0.14 -0.14 1.00 -0.13 (-0.25 - -0.02)

Slope -0.1s -0.15s  -0.15 -0.15 -0.15 -0.15 -0.15 -0.15 -0.15 -0.15 -0.15 1.00 -0.15 (-0.24 - -0.05)

Host abundance (5000 m) 156  1.56 156  1.56 156 1.55 156  1.55 1.55 1.56 1.56 1.00 1.56 (1.16 - 1.95)

Distance to infestation in

previous year x host abundance

(5000 m) 1.80 1.80 1.80 1.79 1.79 1.79 1.79 1.79 1.79 1.80 1.80 1.00 1.79 (1.28 - 2.31)

Edge density (5000 m) 0.03 0.03 0.15 0.03 (-0.07 - 0.14)

Distance to infestation in

previous year x edge density

(5000 m) 0.00

Distance to infestation in

previous year -587 -589 587 -587 -589 -584 587 -586 -583 587 -5.88 1.00 -5.87 (-6.78 - -4.96)

Summer precipitation 0.20 0.09 0.2 (-0.23 - 0.64)

Distance to infestation in

previous year X summer

precipitation 0.00
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Autumn precipitation -0.59 -047 -061 -0.59 -047 -0.58 -0.66 -046 -0.55 -0.59  -0.44 1.00 -0.55(-1.2-0.1)
Distance to infestation in
previous year X autumn
precipitation 0.70 0.68 0.71 0.70 0.68 0.70 0.70 0.68 0.76 0.70 0.68 1.00 0.7 (0.09 - 1.31)
Winter temperature -0.16 0.11 0.14 -0.03 (-0.62 - 0.56)
Distance to infestation in
previous year X winter
temperature 0.00
Spring temperature 0.36 0.41 0.36 0.36 0.45 0.29 0.36 0.63 0.37 (-0.13 - 0.86)
Distance to infestation in
previous year X spring
temperature -0.09 0.07 -0.09 (-0.71 - 0.52)
Random variation in the
intercept (o) 0.67 0.79 0.60 0.67 0.79 0.67 0.66 0.79 0.67 0.67 0.77
Degrees of freedom 16 15 17 17 16 17 17 16 17 17 16
Log-likelihood -1840  -1841  -1840 1840 -1841 -1840 -1840 -1841 -1840 -1840 -1841
AlCc 3712 3712 3713 3713 3714 3714 3714 3714 3714 3714 3714
AAICc 0.00 0.19 1.21 1.36 1.56 1.60 1.71 1.78 1.92 1.99 1.99
wAICe 0.17 0.16 0.09 0.09 0.08 0.08 0.07 0.07 0.07 0.06 0.06
2
R 0.94 0.93 0.94 0.94 0.93 0.94 0.94 0.93 0.93 0.94 0.93
2
R% 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95
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At the stand scale, host abundance was positively associated with infestation probability
(Table 3); with a 50% increase in host abundance, the probability of infestation increased by a
maximum of 14%. There was strong evidence that host abundance interacted with site index and
vertical complexity (Table 3). For pure host stands, infestation probability decreased as site index
increased (Fig 2a), but no significant changes in infestation probability could be observed if host
stands became vertically more complex (Fig. 2b). When Douglas-fir was not the dominant tree
species in a stand, site index and vertical complexity had opposite effects. Specifically, high
vertical complexity lead to low infestation probability, while high site index values were
associated with high infestation probability (Fig. 2a and 2b). Crown closure was also important in
our model (Table 3) with high infestation probabilities predicted for stands with high canopy
closure (Table 3). Finally, infestation probability decreased with increasing site slope and with

increasing elevation (Table 3).

0.03

Host abundance
(stand) [%]

=
—
|E|100

0.02

P(infestation)
0.01 0.02 0.03 0.04 0.05

0.00
o

10 20 30 i 2 3 4 5
Site index [m] Vertical complexity

Figure 2: Varying effects of stand characteristics on infestation probability depending on host
species abundance at the stand scale. Note that in order to more easily visualize the effect on
infestation probability in the graph, we fixed the distance to infestation in the previous year at 5
km. All other predictor variables were fixed at their mean value (i.e., zero for the scaled predictor

variables)

18



At the landscape scale, we found strong evidence for the importance of proximity to

20  budworm infestation in the previous year and for landscape-scale host abundance (Table 3). With
increasing distance to an infestation in the previous year, the probability of infestation dropped
substantially. Interestingly, the distribution of distances to infestations in the previous year
changed remarkably throughout the outbreak cycle (Fig. 3). Before (< 1999) and after (> 2007)
the outbreak, the distributions were nearly uniform. During the outbreak period (1999 to 2007),

25  however, more than 90% of all newly initiated patches were within 5 km proximity to
infestations in the previous year. Hence, while infestations seemed to occur independently from
existing outbreak centers within the landscape before and after the outbreak, there was a clear
pattern of spatial contagion observable during the outbreak (see also Fig. 1). According to our

study, the average dispersal distance was 1.3 km during the outbreak (1999 to 2007).

30 Figure 3: Distributions of distance to infestation in the previous year for varying periods of the
study area. The periods are grouped into pre-outbreak (1996-1998), outbreak build-up (1999-
2001), outbreak (2002-2004), outbreak decline (2005-2007), and post-outbreak (2008-2011)

conditions.

Year of infestation
o — 1996-1998
>0
= — 1999-2001
§ — 2002-2004
ST — 2005-2007
— 2008-2011
10 20 30
Distance to infestation
in previous year [km]
35 A higher abundance of Douglas-fir patches in the surrounding landscape led to a higher

probability of infestation, though the effect was moderated by the distance to infestations in the
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previous year (Fig. 4). For example, while landscape-scale host abundance had little effect on
infestation probability when the closest infestation was more than 15 km away, the effect
increased with proximity to infestations in the previous year. However, at very close proximity to
an infestation in the previous year (< 500 m), the effect of landscape-scale host abundance

diminished and infestation probability was high, regardless of host abundance in the surrounding

landscape.
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Figure 4: Varying effects of landscape scale host abundance on infestation probability depending

on the distance to infestation in the previous year.

Considering the regional-scale predictors, infestation probability decreased if preceded by
higher than average autumn precipitation (Table 3), but only if the distance to budworm
infestations in the previous year was low (Fig. 5). For pixels in close proximity to budworm
infestations in the previous year (<5 km), infestation probability increased significantly when
average autumn precipitation was below 200 mm in the preceding year. Lower support was found
for spring temperature, with slightly increased infestation probability following warmer springs

(Table 3).
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Figure S: Varying effects of autumn precipitation on infestation probability depending on the

distance to infestation in the previous year.

4. Discussion

Using annual Landsat-based maps of the most recent outbreak in British Columbia, Canada, we
tested the hypothesis that spatiotemporal patterns of western spruce budworm outbreaks are
driven by multi-scale processes, that is, by ecological interactions among budworm, its host, their
physical environment at stand, landscape, and regional scales. Our results support this hypothesis,
adding to the growing empirical evidence that insect outbreak dynamics are driven by ecological
processes occurring across multiple scales (Raffa et al. 2008; Seidl et al. 2015; Turner and
Gardner 2015). In particular, we showed that the probability of infestation was mainly driven by
host abundance at the landscape scale, by stand structure and species composition, and by
regional-scale precipitation patterns. In addition, we found that those processes interacted within

and across scales to determine probability of infestation.

Species composition had the most important influence on infestation probability at the
stand scale, with stands having a high percentage of Douglas-fir having a higher probability of
infestation. This finding aligns well with previous studies of western spruce budworm

(Maclauchlan et al. 2006; Swetnam and Lynch 1993) and similar budworm species (Alfaro et al.
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2001). Stands with high proportions of Douglas-fir can sustain larger populations of western
spruce budworm due to higher availability of food, and dispersal losses are reduced with
decreasing proportion of non-host species (Brookes et al. 1987; Brookes et al. 1985). The effects
of other stand characteristics (i.e., crown closure, site index, and vertical complexity) were not as
strong (i.e., smaller scaled estimates in the model), though higher infestation probabilities tended
to be associated with a lower site index and higher crown closure (in Douglas-fir dominated
stands). Denser stands tend to have low losses during larvae and moth dispersal and can thus
sustain larger budworm populations (Nealis et al. 2009; Swetnam and Lynch 1993). Trees on
high quality sites might accumulate high levels of secondary metabolites used for tree defense
against budworm herbivore (Alfaro et al. 2001), resulting in lower probability of infestation. The
reasons why stand-scale characteristics were generally weaker predictors of infestation
probability compared to landscape- and regional-scale factors may be related to the geographic
scale of the analysis (Sturtevant et al. 2015). For example, while stand characteristics might
explain differences in infestation probability among stands with similar environmental
conditions, those effects are likely overridden by larger-scale processes once considering the
landscape or regional scale. Similar effects were described for the mountain pine beetle, where
once stand-scale thresholds are passed, outbreak dynamics are mostly governed by processes at

the landscape and regional scale (Raffa et al. 2008).

We found that the distance to infestations in the previous year was the strongest factor
determining the probability of infestation at a given location. Our model suggests that
spatiotemporal outbreak patterns are mainly driven by adult moth dispersal, which leads to the
colonization and infestation of new habitat and to the eruption and synchronization of local
population dynamics. This finding aligns well with several studies of eastern spruce budworm
and gypsy moth across North America (Bouchard and Auger 2013; Foster et al. 2013). By
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integrating two factors describing the composition and configuration of host patches within a 5
km radial buffer centered on each pixel location, and their interactions with budworm dispersal
(i.e., distance to infestation in the previous year), we tested the hypothesis that dispersal of adult
moths is only possible if habitat is available in the surrounding landscape, that is within average
dispersal distance. We found that a higher abundance of Douglas-fir within the landscape
increased infestation probability and thus of successful dispersal of adult moths from distant
populations (> 500 m). Hence, it is the combined effect of adult moth dispersal and landscape-

scale host availability that shaped the landscape-scale outbreak patterns observed in our study.

Regional weather variability, especially regional precipitation patterns, also had important
effects on the probability of budworm infestation, but we found that the effect was strongly
dependent on distance to infestation in the previous year. As shown by previous research, water
stress in host trees is an important driver of regional-scale western spruce budworm outbreaks
(Flower et al. 2014), supporting our findings of increased infestation probability following lower
autumn precipitation. Autumn precipitation was also shown to be a good indicator of water stress
in Douglas-fir in other regions (Mildrexler et al. 2016), highlighting the importance of regional
scale moisture variability for the eruption and spread of localized budworm populations
throughout its native range. The moderate support for sprint temperature in our model might
suggest a higher degree of synchrony between larvae development and Douglas-fir bud-break
under warmer spring conditions, though we here acknowledge that the mechanisms controlling
budworm and host phenology are much more complex (Nealis 2012). Interestingly, we did not
find strong support for the importance of summer precipitation and winter temperature in our
model, even though expected based on our prior knowledge. The missing effect of summer
precipitation might be explained by the fact that late summer water deficits are more important

for drought stress in Douglas-fir than early summer water deficits (Mildrexler et al. 2016). A

23


https://www.researchgate.net/publication/285043455_A_forest_vulnerability_index_based_on_drought_and_high_temperatures?el=1_x_8&enrichId=rgreq-edcaa95f3e9343480d30b5114cbdd55f-XXX&enrichSource=Y292ZXJQYWdlOzMwOTU4MTEwMztBUzo0MjQ5NzI1MTU1ODE5NTJAMTQ3ODMzMjc1MTA4Ng==
https://www.researchgate.net/publication/285043455_A_forest_vulnerability_index_based_on_drought_and_high_temperatures?el=1_x_8&enrichId=rgreq-edcaa95f3e9343480d30b5114cbdd55f-XXX&enrichSource=Y292ZXJQYWdlOzMwOTU4MTEwMztBUzo0MjQ5NzI1MTU1ODE5NTJAMTQ3ODMzMjc1MTA4Ng==
https://www.researchgate.net/publication/263073979_The_phenological_window_for_western_spruce_budworm_Seasonal_decline_in_resource_quality?el=1_x_8&enrichId=rgreq-edcaa95f3e9343480d30b5114cbdd55f-XXX&enrichSource=Y292ZXJQYWdlOzMwOTU4MTEwMztBUzo0MjQ5NzI1MTU1ODE5NTJAMTQ3ODMzMjc1MTA4Ng==

120

125

130

135

140

missing effect for winter temperature indicates that overwintering larvae — once in their
hibernacula — are insensitive to winter temperature variations. Finally, elevation and slope, which
were both important stand-scale predictors in our model, might further explain local variation in
precipitation and moisture availably. Precipitation generally increases with increasing elevation
and highest precipitation values are found on the steep slopes of the coastal mountain range at the
western fringe of the study area. Lower elevation sites with more moderate slopes might thus

have higher risk of local water deficits supporting budworm population development.

S. Implications and conclusion

Our findings have several implications for understanding, management, and modelling of
budworm disturbances. First, our study highlights that there are important drivers beyond stand-
scale characteristics that need to be evaluated when developing management strategies to
mitigate the impacts of future budworm outbreaks. In particular, our study suggests that reducing
western spruce budworm habitat quantity and quality within the landscape might prevent the
development of regional-scale outbreaks. Reducing habitat quantity and quality could be
achieved by developing management strategies that mimic natural disturbances (Long 2009) and
by increasing the landscape heterogeneity in terms of tree species composition, among other
characteristics (Robert et al. 2012). Second, our study suggests that climate is an important driver
of western spruce budworm outbreak development. Consequently, climate change will likely alter
the duration, intensity, and spatial extent of future outbreaks (Murdock et al. 2013). While our
study does not project how climate change might affect future budworm outbreaks, forest
managers should be mindful of the uncertainties associated with climate change in long-term

planning (Millar et al. 2007). Third, our study adds important information to a process-based
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understanding of budworm outbreaks, and could further enhance the development of mechanistic
models (e.g., LANDIS, Sturtevant et al. 2004) simulating the landscape-scale progression of
outbreaks. In particular, our study suggests that mechanistic models should incorporate processes
across multiple scales to improve predictions of western spruce budworm outbreak dynamics
under varying management and climate scenarios (Seidl et al. 2011; Sturtevant et al. 2015).
Finally, our study demonstrates the usefulness of Landsat-based time series for assessing
landscape- to regional-scale drivers of insect outbreaks. Many factors found important in our
study would be difficult to tackle without the spatially and temporally explicit view offered by
long-term landscape-scale observations based on globally available satellite data. Landsat allows
for analyzing insect outbreaks over larger extents than would be possible with field data alone,

and with higher ecological resolution than using aerial overview survey maps (Meigs et al. 2015).
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