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School of Environmental and Forest Sciences

Outbreaks of native bark beetles (Curculionidae: Scolytinae) are key natural disturbances
that shape the structure and function of conifer forests across the northern hemisphere. While
drivers of bark beetle outbreaks have been studied extensively at spatial scales ranging from
stands to continents, within-stand processes driving individual tree mortality in an outbreak
are less well understood. Here we use a spatially explicit long-term monitoring dataset of
lodgepole pine (Pinus contorta var. latifolia) forest impacted by a severe mountain pine
beetle (Dendroctonus ponderosae) outbreak to explore interactions among fine-scale drivers
of beetle-caused tree mortality. Using a hierarchical Bayesian spatial modeling approach, we
evaluated whether and how within-stand neighborhood structure and topographic setting
interact with tree size to mediate tree level susceptibility to mountain pine beetle outbreak
in the Southern Rocky Mountains (USA). We found evidence that both tree growth rate
preceding the outbreak and stand structure around the host tree mediated the effect of tree
size. However, we did not find evidence that topographic position within a stand mediated
the effect of tree size. Mortality probability increased with pre-outbreak growth rate for
small to medium sized trees (~10-25 centimeters diameter), but that same effect could
not be detected for larger trees. Conversely, mortality probability increased with greater

neighborhood density across tree sizes, with the most pronounced effects for medium to



large sized trees (~15-30 centimeters diameter). Within-stand topographic variability was
not an important predictor of mortality probability; among stands, however, the driest stand
conditions experienced the greatest overall mortality. By explicitly considering how natural
within-stand heterogeneity mediates individual tree level susceptibility to mountain pine
beetle outbreak, our findings bridge an important gap in understanding multi-scale drivers
of disturbance dynamics. Identifying factors influencing individual tree mortality in these
systems informs our understanding of both the structural development of forest stands and

reciprocal feedbacks between stand structure and outbreak dynamics.
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Chapter 1

INTERACTIVE EFFECTS OF TREE SIZE, GROWTH, AND
NEIGHBORHOOD STRUCTURE ON MORTALITY FROM
MOUNTAIN PINE BEETLE

1.1 Introduction

Native bark beetles (Curculionidae: Scolytinae) are one of the primary disturbance agents
affecting temperate forests worldwide (Kautz et al., 2017; Sommerfeld et al., 2018). Through
the selective mortality of host trees, bark beetle outbreaks substantially alter the size, age,
and species distributions of forests within just a few years (Raffa et al., 2008). Outbreaks
structure forests directly via mortality of overstory trees and indirectly by releasing the
growth of understory trees as light, water, and nutrient availability all increase for survivors
(Romme et al., 1986; Veblen et al., 1991). While bark beetle outbreaks are naturally occur-
ring disturbance events in North American forests, recent outbreaks have been more intensive
and spatially synchronous than previously recorded (Aukema et al., 2006; Bentz et al., 2009).
Millions of hectares of forests in North America were impacted by bark beetle outbreaks in
the period between 1997 and 2010, resulting in widespread tree mortality across multiple
tree species (Meddens et al., 2012). Continued climate warming is projected to further al-
ter outbreak dynamics (Bentz et al., 2010; Seidl et al., 2017), with significant implications
for forest structure and function, in addition to the ecosystem services that forests provide

(Raffa et al., 2008; Seidl et al., 2016; Thom and Seidl, 2016).

The mountain pine beetle (MPB; Dendroctonus ponderosae) is the most widespread bi-
otic agent of tree mortality in western North American pine forests, affecting tens of millions
of hectares of forest during episodic outbreaks (Safranyik and Carroll, 2006). MPB popula-

tions often persist at low, endemic levels, successfully attacking only weakened or damaged



Pinus trees. However, feedbacks among population controls (e.g., host availability and sus-
ceptibility, beetle density, weather, and climate) periodically enable populations to erupt
into epidemic outbreaks (Raffa et al., 2008). At epidemic population densities, beetles are
able to overcome vigorous host tree defenses through pheromone-mediated aggregation and
mass attack (Boone et al., 2011; Raffa and Berryman, 1983; Safranyik and Carroll, 2006).
Unconstrained by host tree defenses, epidemic populations will preferentially attack large
diameter host trees with thicker phloem, which increase the reproductive and survival po-
tential of the beetle (Safranyik and Carroll, 2006). Over the course of an outbreak, MPB
are capable of killing 50% or more of host tree basal area within just a few years, as their
colonization and reproduction essentially girdles the cambium and outer xylem of host trees
(Diskin et al., 2011; Pelz and Smith, 2012; Simard et al., 2012). However, even in a severe
outbreak (>80% of stand basal area killed), it is commonly observed that some of the largest
host trees escape attack (e.g., Preisler and Mitchell, 1993), and the mechanisms responsible
for this differential survival remain unresolved. Outbreak patterns and processes have been
well studied at broad scales (e.g., continental to regional; Meddens et al., 2012) and at the
among-stand level (i.e., aggregating all data to the stand; Simard et al., 2012). Dynamics
at fine spatial scales (e.g., within a stand), which are important for understanding which
trees are likely to survive an outbreak under particular conditions, are less well studied and

understood.

Tree-level susceptibility to mortality in a beetle outbreak could result from interactions
among several fine-scale factors that have not been empirically tested to date. Within-stand
colonization patterns during MPB outbreak are driven strongly by host tree size; large di-
ameter trees are preferentially attacked while small diameter trees are attacked primarily
when in close proximity to large diameter trees (Kashian et al., 2011; Preisler and Mitchell,
1993). While these patterns appear to be consistent across stand densities and outbreak
severities (Kashian et al., 2011; Preisler and Mitchell, 1993), it remains unclear how local
(i.e., tree neighborhood level) stand structure and topography might mediate outbreak col-

onization patterns, and whether these effects vary with host tree size. Interactions among



factors at the tree scale and in the immediate environment of the tree are a key knowledge
gap, with clear implications for understanding how MPB outbreaks alter stand structure and
thus dynamics of future disturbances (Kashian et al., 2011). Integrating fine scale analyses
into the broad-scale understanding of MPB outbreaks will build understanding of cross-scale
drivers of disturbance dynamics. As the climate warms and broad scale constraints on out-
breaks change (Bentz et al., 2010), fine-scale factors affecting outbreaks may be of increasing

importance.

Here we used a spatially explicit long-term monitoring dataset of lodgepole pine (Pinus
contorta var. latifolia) forest affected by a severe MPB outbreak (in Fraser Experimen-
tal Forest, FEF, Colorado) to characterize within-stand drivers of beetle-caused individual
lodgepole pine mortality. We studied three 2-hectare (ha) plots in FEF in which every tree
>5 cm in diameter (9,357 trees) was censused and measured leading up to and following a
severe MPB outbreak to address the following research question: How do tree level charac-
teristics, neighborhood structure, and local topographic position interact to affect individual

lodgepole pine mortality probability in a severe MPB outbreak?

We expected that tree diameter would be the primary driver of mortality probability
(Bjorklund and Lindgren, 2009), and that additional factors at the tree and tree neighbor-
hood level would interact with tree size to mediate mortality probability. At the tree level,
we expected that growth rates preceding the outbreak, a proxy for relative tree vigor, would
have little or no effect on mortality probability given most tree defenses become ineffective
once epidemic beetle population densities are reached (Boone et al., 2011). For this same
reason, at the tree neighborhood level, we did not expect that reduced tree vigor from com-
petition in dense neighborhoods would affect mortality probability in a severe outbreak. We
did, however, expect mortality probability would be greater in high density neighborhoods
due to more favorable microclimate for MPB (e.g., temperature and wind speed; Bartos and
Amman, 1989) or preference of MPB for denser stands (Negrén, 2019). We also expected
mortality would be greater in tree neighborhoods dominated by lodgepole pine due to high

beetle pressure resulting from the emergence of adult MPB from neighboring colonized trees.



We expected that fine-scale topographic position would further mediate mortality probability
since topoedaphic outbreak refugia (i.e., locations where impacts are less severe relative to
the surrounding area) could exist at the stand scale (Cartwright, 2018). Finally, we expected
that effects of pre-outbreak growth, neighborhood structure, and topographic position would

differ by focal host tree size.

1.2 Methods

1.2.1 Study Area

FEF is located within the USA Southern Rockies Ecoregion, approximately 80 kilometers
northwest of Denver, Colorado, in the Arapaho National Forest (Appendix A). The forests
within FEF are composed primarily of lodgepole pine, subalpine fir (Abies lasiocarpa), and
Engelmann spruce (Picea engelmannii). Lodgepole pine is the dominant tree species in lower
elevational stands where the long-term monitoring plots are located, with subalpine fir and
Engelmann spruce prevalent in the understory (Appendix A). The plots are located in >300
year old stands with no known stand-replacing disturbance since the stand-originating fire
(Moir et al., Unpublished), with elevation ranging from 2,790 to 2,970 meters (m) (Appendix
A, Appendix B). MPB activity was noted in FEF in 2003, had reached epidemic levels by
2006 (Hubbard et al., 2013), and had subsided by 2011 (Vorster et al., 2017). High rates
of mortality of lodgepole pine were documented over the course of the outbreak, with MPB
killing 90% of lodgepole pine trees over 30 centimeters (cm) in diameter (Rhoades et al.,

2017).

1.2.2  Sampling Design

Three long-term monitoring plots (2 ha each) were established in 1938 (Wilm and Dunford,
1948), at which time a complete census was conducted of every living tree measuring at
least 9 cm in diameter at breast height (DBH; measured 140 cm above the ground). The

plots are separated by a minimum distance of 580 m and are each two ha in size (Appendix



A). Subsequent surveys were conducted in 1940, 1946, 1960, 1989, and 2004. DBH, tree
morphology, and tree condition were recorded for each living tree, and mortality cause was
determined for all dead trees that were living at the time of the previous survey. In 2004, the
minimum diameter threshold for measurement was lowered to 5 cm and the tree population
dataset was correspondingly expanded.

We conducted the first post-outbreak re-census of the plots in July and August 2018
and mapped the location of all live and dead surveyed trees (n = 9,357). Stem-mapping
was conducted using FieldMap (Hédl et al., 2009; www.fieldmap.cz), a mobile stem-mapping
unit that combines a laser rangefinder (TruPulse 360, Laser technology, Inc., USA) with
geographic information system software. Standing trees were mapped in place, and uprooted
trees were mapped at their previous rooted positions. Each tree was mapped with sub-meter
accuracy to its horizontal coordinates (x,y) as well as its local elevation (z) relative to other
trees.

The MPB outbreak in FEF began just prior to 2006 and had subsided by 2011 (Hubbard
et al., 2013; Vorster et al., 2017). The pre-outbreak survey conducted in 2004 provides a
census of the potentially susceptible population of lodgepole pine (n = 5,011), as well as
the stand structure within each plot at the start of the outbreak. The post-outbreak survey
conducted in 2018 provides the individual tree level survival outcomes (killed by MPB, not
killed by MPB) within each plot (Fig. 1.1). Dead trees were recorded as “killed by MPB”
only if MPB adult and larval galleries on the vascular cambium could be positively identified,

following established methods (Safranyik and Carroll, 2006).

1.2.8 Tree Level Covariates

Tree size at the start of the outbreak was quantified using DBH recorded in the 2004 survey.
The DBH recorded in 2004 was assumed to be the DBH of the tree at the time of MPB attack
(i.e., any change in diameter that may have occurred over the course of the outbreak was
considered negligible in this analysis). Growth rate preceding the outbreak was quantified as

mean annualized basal area increment (BAI) estimated from DBH measurements recorded
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Figure 1.1: Stem maps illustrating post-outbreak mortality for all lodgepole pine >5 c¢m in
diameter prior to the outbreak (gray = killed by MPB; green = not killed by MPB).

in 1989 and 2004. While tree growth is generally expected to follow a sigmoidal curve both
with increasing age and with increasing size, using BAI rather than radial growth rates
minimizes the effect of increasing circumference (Sullivan et al., 2016; Weiner and Thomas,
2001). We found a moderate positive correlation between DBH and BAI (Pearson r=0.5) in
our dataset. However, variance inflation factors for all covariates included our analysis were
<2, suggesting multicollinearity was of minimal concern. BAI estimates are below zero in
some cases (7% of trees; Table 1.1), which we attribute to measurement error from slight

differences in positioning of diameter tapes across surveys.



Metric Statistic Plot B2 Plot C3 Plot D2
Number of Total 799 1,111 1,231
lodgepole pine Killed by MPB 581 650 838
Diameter at breast =~ Min - Max 9.3-52.1 9.0-514 8.9 - 50.5
height Mean 26.9 23.0 214
(DBH; cm) Median 27.2 21.8 20.8
Basal area Min - Max -3.32 - 15.13 -2.50 - 16.80 -6.49 - 14.20
increment Mean 2.36 2.17 1.86
(BAT; cm?/year) Median 1.95 1.67 1.48
Neighborhood Min - Max 0.35 - 2.21 0.43 - 2.70 0.30 - 3.01
density index Mean 1.11 1.30 1.23
(NDI; radians) Median 1.09 1.24 1.19
Neighborhood host ~ Min - Max 0.00 - 1.00 0.13 - 1.00 0.16 - 1.00
proportion Mean 0.90 0.92 0.97
(pNDI; unitless) Median 0.94 0.97 1.00
Topographic Min - Max -1.561-0.72 -0.65-0.77 -0.78 - 1.13
position index Mean 0.05 0.009 0.05
(TPI; m) Median 0.06 0.005 0.04

Table 1.1: Descriptive statistics for dataset used in modeling. Dataset includes all lodgepole
pine >5 cm in diameter at breast height that were alive in 2004 (pre-outbreak) and re-
surveyed in 2018 (post-outbreak). Trees without pre-outbreak growth data (i.e., trees that
were not surveyed in 1989) and trees <10 m from the edge of each plot were excluded from
the dataset (n=3,141).



1.2.4 Neighborhood Level Covariates

Within-stand neighborhood density was quantified using the sum of horizontal angles origi-
nating from each focal tree center and spanning the DBH of each neighbor tree. This neigh-

borhood density index (NDI) is calculated within a predetermined neighborhood radius as

follows:
. DBH,
NDI = t .
where neighboring trees are indexed i = 1,...,n; DBH,; is the diameter of neighboring tree

1 and dist; is the distance between the center of the focal tree and the center of neighboring
tree i (Appendix C). NDI increases with increasing large, numerous, and/or close proximity
trees in the neighborhood of the focal tree. While NDI was originally proposed as a tree
competition index to characterize tree vigor (Rouvinen and Kuuluvainen, 1997), it also ef-
fectively serves as an index of relative stand density at the position inhabited by each tree.
NDI was calculated using all neighboring trees, regardless of species. To quantify the relative
density of host trees, we also calculated the proportion of total NDI contributed by lodgepole
pine (pNDI).

Local topographic position was quantified using a topographic position index (TPI) that
compares the elevation of each cell in a digital elevation model to the mean elevation of a

specified neighborhood around that cell (Weiss, 2001). TPI is calculated as follows:
TPI = 20 — Z,

where zq is the elevation of the cell containing the focal tree and z is the average elevation
around the focal tree within a predetermined radius. TPI is positive (convex local topog-
raphy) when the focal tree is rooted in a position higher than its neighbors and negative
(concave local topography) when the focal tree is rooted in a position lower than its neigh-
bors (Appendix B). We calculated TPI using a digital elevation model constructed from the
local elevation of each individual tree measured in the field.

Calculating neighborhood level covariates requires specifying the radius of the circular

neighborhood that is considered. Ideally, the spatial scale of this neighborhood should be



informed by the ecological system. When characterizing tree competition effects, defining
tree neighborhoods using a radius approximately 3.5 times the average estimated radius
of tree crowns is appropriate (Contreras et al., 2011). We estimated that 10 m would be
an appropriate neighborhood radius to consider, as mature lodgepole pine crowns range
from 5 to 8 m in diameter (Herman et al., 1996). To avoid boundary effects, trees located
<10 m from the edge of each plot were excluded from analysis. To test the sensitivity of
neighborhood size, 5 m and 15 m neighborhoods were also considered and model results were

compared.

1.2.5 Statistical Analysis

To make inference regarding the covariates potentially influencing MPB-induced mortality of
lodgepole pine, we specified the following hierarchical generalized linear mixed effects model.
The binary response (1 = killed by MPB, 0 = not killed by MPB) for lodgepole pine tree
1, ¢ = 1...n was modeled as a Bernoulli random variable Y; measured at location s;. The

model takes the following form:

K
Di
log (1 —p») = fo+ § Bk + s,
! k=1

where x;;, are K covariates and w; is a continuous spatial Gaussian random field (GRF)

measured at location s;,

We defined the covariance matrix ¥ using a Matérn covariance function parameterized by
marginal standard deviation o, and practical range r (the distance at which the correlation
drops to approximately 0.1; Krainski et al. 2019). We included tree level covariates (DBH,
BAI; Table 1.1), neighborhood level covariates (NDI, pNDI, TPI; Table 1.1), and plot (B2,
C3, D2) as fixed effects in the model. Because we expected that effects might vary with tree

size, we also included interactions between DBH and all other tree and neighborhood level
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covariates. To enable comparison of the magnitude of model coefficients, we standardized all
covariates by subtracting their means and dividing by two times their standard deviations
(Gelman, 2008).

We used the Integrated Nested Laplace Approximation (INLA) approach to implement
this spatial model in a Bayesian framework. INLA is a deterministic algorithm developed
to approximate posterior marginal distributions of model parameters (Rue et al., 2009) that
offers substantial computational advantages when fitting spatial models (Blangiardo and
Cameletti, 2015). To estimate the GRF at irregularly spaced point locations, we used the
Stochastic Partial Differential Equation (SPDE) approach, which approximates the contin-
uous GRF as a discrete Gaussian Markov random field (GMRF; Lindgren et al. 2011). The
SPDE approach models the GMRF at the nodes of a triangulated grid (Appendix D) and
then interpolates the GMRF throughout the study domain (Blangiardo and Cameletti, 2015;
Lindgren et al., 2011).

Implementing the model in a Bayesian framework requires setting prior distributions for
the model fixed effects and hyperparameters of the spatial random effect. We defined unin-
formative uniform and normal priors for the intercept and fixed effects, respectively. We set
priors for the marginal standard deviation and practical range of the GRF using a Penal-
ized Complexity prior (PC-prior) approach, which avoids spatial overfitting by shrinking the

marginal variance toward zero (Fuglstad et al., 2019). The priors were defined as follows:
P(o, >0.1) =0.01

P(r < 30) = 0.5

The prior for the practical range r was set based on the a priori hypothesis that » might
be close to 30 m, the typical dispersal distance of MPB in lodgepole pine forests (Safranyik
and Carroll, 2006). Both the INLA and SPDE approaches were implemented in R (R Core
Team, 2019) using the R-INLA package (www.r-inla.org).

We evaluated model fit via the conditional predictive ordinate (CPO; Pettit 1990), which

is a leave one out cross-validation score. CPO is calculated for each observation Y; by
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omitting Y;, fitting the model to all remaining observations Y _;, and then using the fitted
model to predict the probability of Y;. The sum of the log of the CPO values, also called
the log pseudo marginal likelihood (LPML), is a useful summary of model fit, with larger
sums indicating a better fitting model (Blangiardo and Cameletti, 2015). Since our primary
goal was to evaluate whether within-stand spatial context mediates MPB-induced lodgepole
pine mortality, we evaluated the fit of our model against the fit of (a) a model excluding
neighborhood covariates, (b) a model excluding the random spatial effect, and (¢) a model
excluding both neighborhood covariates and the random spatial effect.

A covariate or interaction term x; was considered an important predictor in the model
if the 95% credible interval for the coefficient S8, did not include zero. To illustrate how
both the size and position of a tree with a stand might affect its probability of mortality
due to a severe MPB outbreak, we used the model to predict and produce maps of mortality

probability across each plot for a range of tree sizes.
1.3 Results

Across all plots, 54% of lodgepole pine tree stems and 82% of lodgepole pine basal area
were killed by MPB over the course of the outbreak. At the individual tree level, tree size
was the most important factor driving MPB-induced lodgepole pine mortality; predicted
mortality probability increased sharply for trees >15 cm diameter and the effect of DBH on
mortality probability was approximately five times larger than other effects (Fig. 1.2, Fig.
1.3, Appendix E). The mean DBH of lodgepole pine killed by MPB was 27.1 cm (range 8.4
to 54.4 cm), and the mean DBH of lodgepole pine not killed by MPB was 13.0 cm (range
4.1 to 41.0 ecm). While the main BAI term was not an important predictor of mortality
probability, the DBH:BAI interaction term was negative, suggesting that the strength and
direction of the effect of BAI depended on the focal tree size (Fig. 1.2, Appendix E). Greater
BAI increased predicted mortality probability for small to medium diameter trees but had
a negligible effect for large diameter trees (Fig. 1.3).

At the tree neighborhood level, the strength and direction of effects on mortality prob-
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Figure 1.2: Effect of tree level covariates (DBH, BAI), tree neighborhood level covariates
(NDI, pNDI, TPI), and plot on the probability of MPB-induced lodgepole pine mortality.
Dots represent the medians of the posteriors and horizontal lines represent 95% credible
intervals. A covariate or interaction term was considered an important predictor in the
model if the 95% credible interval for the coefficient did not include zero. The effects for
each continuous predictor are per 2 standard deviations in logit space.
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1), neighborhood density index (NDI; column 2), neighborhood host proportion (pNDI;
column 3), and topographic position index (TPI; column 4). (b) Change in relationship
between covariates (x-axis) and probability of mortality (y-axis) across gradients of DBH.
In both panels, solid lines represent posterior medians, and dark shaded regions represent
95% credible intervals modeled for one location within plot C3. Light shading represents
variability in 95% credible intervals for locations across plot C3 (i.e., variability modeled
by the spatial GRF). Predictions consider the effect of each combination of covariates in
isolation, holding all other covariates at zero (i.e., their average values).
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ability also depended on the size of the focal tree. A positive effect of NDI and a positive
DBH:NDI interaction term (Fig. 1.2, Appendix E) suggest that neighborhood density con-
tributes to MPB-induced lodgepole pine mortality, but effects vary by tree size. Greater
NDI increased predicted mortality probability for medium to large diameter trees but had a
negligible effect on mortality for small diameter trees (Fig. 1.3). While the main pNDI term
was not an important predictor of mortality probability, the DBH:pNDI interaction term was
positive (Fig. 1.2, Appendix E). Greater pNDI decreased predicted mortality probability for
small-diameter trees and increased predicted mortality probability for large-diameter trees
(Fig. 1.3). Neither TPI nor the DBH:TPI interaction term were important predictors (Fig.
1.2, Appendix E). At the plot level, plot D2 had a slightly higher mortality probability than
plots B2 or C3 overall (Fig. 1.2, Appendix E).

The posterior median practical range of the spatial GRF was 31.7 m, with a posterior
median marginal standard deviation of 0.51 (Appendix E). Spatial patterns of predicted
mortality probability were comparable across the three plots, with the highest variability
evident for trees of intermediate size (e.g., 15 to 25 ecm DBH) and probabilities approach-
ing zero and one for small and large diameter trees, respectively (Fig. 1.4). Accounting
for effects of neighborhood level covariates and the spatial GRF resulted in substantially
different predictions when compared to the model that considered only plot and tree level

covariates, with differences in posterior median mortality probability estimates as large as

+0.35 (Appendix F).

The model including neighborhood level covariates and the spatial GRF was the best
fitting model that we evaluated. When building on a model that includes only plot and
tree level covariates, adding neighborhood level covariates increased LPML by ~19, adding
the spatial GRF increased LPML by ~46, and adding both neighborhood level covariates
and the spatial GRF increased LPML by ~63. Autocorrelation in the residuals of models
without the spatial GRF indicated that including the spatial GRF was necessary to account
for the spatial structure of the data. A sensitivity analysis of neighborhood size showed that

the effect of changing the neighborhood radius by £5 m was negligible (Appendix G).
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Plot C3

Plot D2

Plot B2

Figure 1.4: Spatial predictions of mortality probability for a range of lodgepole pine DBH
(10 to 30 cm). Spatial predictions are posterior median predictions based on the specified
DBH (columns) and the values of NDI, pNDI, and the spatial GRF for a hypothetical tree
located within each grid cell in each plot (rows). BAI and TPI were held at zero (i.e., their
average values).
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1.4 Discussion

Explicitly considering how fine-scale patterns and processes can mediate the broad-scale
drivers of disturbance dynamics is important as climate warms and disturbance activity
increases. Our study demonstrates how natural within-stand heterogeneity can mediate in-
dividual tree level susceptibility to MPB outbreak, helping inform understanding of distur-
bance dynamics across scales. As expected, and consistent with previous research (Bjorklund
and Lindgren, 2009; Kashian et al., 2011; Preisler and Mitchell, 1993), we found tree size
to be the primary driver of lodgepole pine mortality probability in a severe MPB outbreak
setting. Since MPB require a minimum phloem thickness to construct their galleries, small
diameter host trees are often not capable of supporting MPB survival and reproduction, and
large diameter host trees are preferred hosts (Safranyik and Carroll, 2006). Our model pre-
dictions suggest that for sufficiently small or sufficiently large diameter host trees, tree size
largely overrides any within-stand mediating effects, with mortality probability approaching
zero and one at 10 cm and 30 cm DBH, respectively. For host trees of intermediate size,
however, we found that pre-outbreak growth rate and neighborhood stand structure (i.e.,
density and host proportion) may interact with tree size to mediate tree level susceptibility

to severe MPB outbreak.

Our findings suggest that growth rate preceding an outbreak (measured here as BAI)
may interact in key ways with tree size to affect mortality probability. We found that
mortality probability increased with BAI for small to medium diameter trees (~10-25 c¢cm
DBH), but the change in mortality probability with BAI appeared negligible for larger trees.
Although contrary to our expectations, these results are consistent with recent research that
found growth rates preceding an outbreak were positively related to mortality probability in
lodgepole pine stands in Montana (Cooper et al., 2018). BAI may be a strong indicator of
phloem thickness for lodgepole pine trees (Shrimpton and Thomson, 1985). It is possible that
small diameter lodgepole pine, which otherwise may not be able to support MPB survival and

reproduction, are more likely to be killed in an outbreak if they exhibit faster pre-outbreak
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growth rates and thus potentially have thicker phloem. Conversely, fast growth rates did
not negatively impact mortality probability for large diameter trees, as large trees already

possess sufficient phloem thickness.

After accounting for tree size, we found that individual lodgepole pine mortality proba-
bility increased with neighborhood density, supporting our expectation. At the stand level,
density may be positively related to MPB outbreak development, which has been explained
with two potential mechanistic causes. Reduced competition in thinner stands can lead to
increased vigor, and thus defensive capabilities, of host trees (e.g., Whitehead et al., 2005).
In addition, sparse stands can have microclimate characteristics that are less favorable for
MPB (e.g., higher temperature and wind speeds), resulting in a preference of MPB for denser
stands (Bartos and Amman, 1989; Negrén, 2019). The increase in predicted mortality prob-
ability with NDI in our model suggests density at the neighborhood level may also mediate
tree level mortality rates during MPB outbreak. Since host tree defenses become ineffec-
tive at epidemic beetle population levels (Boone et al., 2011), it is likely that the effect of
neighborhood density is related to beetle preferences rather than tree defenses, particularly
since tree vigor was more directly expressed by the BAI covariate in our model. While
the interaction with tree diameter suggests that that the effect of neighborhood density is
most pronounced for medium to large diameter lodgepole pine (~15-30 cm DBH), being
positioned in a lower density area may confer added tree-level resistance to MPB-induced

mortality across tree sizes.

After accounting for neighborhood density, we found the proportion of neighborhood den-
sity contributed by lodgepole pine (i.e., pNDI) decreased predicted mortality probability for
small diameter lodgepole pine (~10-15 cm DBH) and increased predicted mortality proba-
bility for large diameter lodgepole pione (~25-30 cm DBH). We expected to find a positive
effect of pNDI due either to increased beetle pressure or increased intraspecific competition
in areas dominated by lodgepole pine. The negative effect of pNDI for small diameter trees
suggests the probability that small trees are killed by MPB is lower if they are rooted in an

area dominated by other suitable host trees. This finding contradicts what has been found
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in previous studies, which have reported that small host trees are more likely to be attacked
by MPB when in close proximity to large host trees (e.g., Preisler and Mitchell, 1993). One
possible explanation for our findings may be that increased intraspecific competition in areas
dominated by lodgepole pine may lead to reduced growth rates and thus thinner phloem,
as captured partially by the BAI covariate. However, the magnitude of the effect is modest
when compared to the main effect of neighborhood density.

Our expectation that within-stand topographic position would affect tree level mortality
probability was not supported in this study. While topographic effects may not be important
at the within-stand spatial scales (e.g., sub meter) we analyzed, it is possible that local
topographic position may mediate tree level mortality probability in more topographically
complex stands or at broader spatial scales (e.g., several hectares). For example, at broader
scales (among stands), outbreak refugia in topographically concave areas may be linked to
cool, moist conditions, which potentially relieve tree stress during drought conditions and
reduce likelihood of MPB infestation (Cartwright, 2018). Our data provide some support for
this effect among stands, as the mortality rate was greatest in D2, the plot with the steepest
slope and the most southwesterly aspect (Appendix A), characteristics that relate to faster
runoff, less infiltration, warmer conditions, and drier soils (Cartwright, 2018).

The spatial GRF in our model accounts for deviations from the pattern of mortality and
survival predicted using fixed effects at the tree, neighborhood, and plot level. These devi-
ations may represent variation in the probability of mortality due to environmental factors
or tree-level physiological factors (Zhao and Erbilgin, 2019) not considered in this study, or
as variation in the probability of mortality due to the beetle-generated semiochemical land-
scape. Given the stochastic nature of beetle dynamics and the switching that occurs from
focal to neighboring trees during outbreak (Preisler and Mitchell, 1993), there is inherent
clustering in MPB outbreak dynamics. It is possible that the spatial GRF captures some of
this inherent clustering.

The interactions among tree level and tree neighborhood level factors in this study have

important implications for tree level resistance to MPB outbreak. Because the biology of
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MPB places constraints on which trees may act as suitable hosts, and these constraints are
linked tightly to tree size (Safranyik and Carroll, 2006), the strength and direction of potential
mediating effects cannot be considered in the absence of tree size. We found that pre-outbreak
growth rates and tree neighborhood structure had the greatest effect on predicted mortality
probability for trees of intermediate size (e.g., 15 to 25 cm DBH; Fig. 1.3). Previous research
has suggested that lodgepole pine trees <25 cm in diameter are beetle “sinks” (i.e., more
beetles attack than emerge; Safranyik and Carroll, 2006). In this intermediate range, trees
are large enough to physically support MPB survival and reproduction, yet not large enough
that they would be considered the most desirable hosts. It is in these cases that mediating
factors such as pre-outbreak growth rate, neighborhood stand density, and neighborhood

host proportion may have a meaningful effect.

The tree level mortality probability modeled in this study is the probability that an
individual lodgepole pine will be killed by MPB over the course of an outbreak, given that
an outbreak has occurred. This probability differs from both (a) the probability that an
individual lodgepole pine will be killed by MPB at endemic population levels, where different
processes and dynamics would be expected at both the tree and neighborhood level; and (b)
the probability of an outbreak developing within a stand, which is the focus of stand level
hazard and risk ratings for MPB (Shore et al., 2000). In this study, we treat tree level and
tree neighborhood level characteristics at the start of an outbreak as static factors influencing
subsequent outbreak dynamics. However, we note that these factors (tree size, growth rates,
and neighborhood structure) are not static in any stand. The timing of outbreaks is a critical
component determining how MPB outbreak may affect a particular stand impacted at a
particular time. We also acknowledge that temporal dynamics over the course of an outbreak
and interactions with other biotic disturbances are important to consider. Incorporating
these dynamics and interactions would be important contributions of future research.

While our results suggest that tree level mortality probability may be higher in denser
portions of a stand during MPB outbreak, we emphasize that our study was conducted in

plots without any prior management. While thinning stands has the potential to reduce the
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probability of outbreak development (Fettig et al., 2007), it is unclear to what extent thinned
stands confer resistance to MPB at the individual tree level in the event MPB outbreak does

oceur.
1.5 Conclusion

Conifer forests have been shaped by periodic bark beetle outbreaks for millennia (Jarvis
and Kulakowski, 2015; Raffa et al., 2008). Understanding the causes and effects of bark
beetle outbreaks across scales is particularly important as climate warms and environmen-
tal constraints change (Bentz et al., 2010). Our findings suggest that while tree size is the
primary factor driving host tree mortality during MPB outbreak, pre-outbreak growth and
neighborhood stand structure may mediate mortality probability in meaningful ways. Fur-
ther, the direction and magnitude of these mediating effects may vary with tree size. The
interactions among tree level and tree neighborhood level factors in this study highlight the
importance of natural within-stand heterogeneity in conferring resistance to disturbance.
Identifying factors influencing within-stand tree mortality enhances our understanding of
outbreak dynamics, with implications for the structural development of forest stands and

feedbacks among disturbances.
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Figure A.1: (a) The Fraser Experimental Forest (FEF) is located within the Southern Rockies
Ecoregion (orange shading) in Colorado, USA. (b) Long-term monitoring plots (black outline)
are separated by a minimum distance of 580 meters and are each two hectares in size.
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Figure A.2: Stem maps of pre-outbreak species composition (i.e., all live trees >5 cm DBH
in 2004). Stem maps include lodgepole pine (Pinus contorta var. latifolia; PICO), subalpine
fir (Abies lasiocarpa; ABLA), Engelmann spruce (Picea engelmannii; PIEN), quaking aspen
(Populus tremuloides; POTR), and grey alder (Alnus incana; ALIN). Scouler’s willow (Saliz
scouleriana) and Douglas fir (Pseudotsuga menziesii), which are present in the plots in
negligible quantities, are excluded from the figure.
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Pre-outbreak (2004) Post-outbreak (2018)
Plot Species Stem density Basal area Stem density DBasal area
(stems/ha) (m?/ha) (stems/ha) (m?/ha)
Abies lasiocarpa 94.0 1.37 154.0 2.13
Alnus incana 6.0 0.03 9.0 0.04
B2  Pinus contorta 706.0 34.43 456.0 6.03
Picea engelmannii 90.5 4.01 116.5 4.51
Populus tremuloides 0.5 0.01 0.5 0.01
Total 897.0 39.85 736.0 12.72
Abies lasiocarpa 188.5 2.33 303.5 4.05
Pinus contorta 856.0 35.08 433.0 8.11
C3  Picea engelmanni 29.0 0.85 39.0 0.95
Salix scouleriana 0.5 0.005 0.0 0.00
Total 1074.0 38.26 775.5 13.10
Abies lasiocarpa 50.0 0.81 71.5 1.54
Alnus incana 14.5 0.08 22.0 0.11
Pinus contorta 943.5 33.06 411.0 6.45
Picea engelmanniz 5.0 0.32 8.0 0.30
b2 Populus tremuloides 29.5 0.32 15.5 0.24
Pseudotsuga menziesii 0.5 0.001 0.5 0.004
Salix scouleriana 0.5 0.003 1.5 0.01
Total 1043.5 34.60 530.0 8.66

Table A.1: Descriptive statistics of pre- and post-outbreak plot stand structure. Stem density
and basal area calculated for all live trees >5 cm in diameter at breast height.
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PLOT TOPOGRAPHY
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Figure B.1: Plot elevation (m).
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Plot C3
Plot B2

Plot D2

Figure B.2: Plot topographic position index (m).
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Appendix C
PLOT STAND STRUCTURE
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Figure C.1: Schematic illustrating calculation of the neighborhood density index



Plot C3
Plot B2

Plot D2

Figure C.2: Plot neighborhood density index (radians).
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Plot C3
Plot B2

Plot D2

Figure C.3: Plot neighborhood host proportion.
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Appendix D
TRIANGULATION OF THE STUDY REGION
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Figure D.1: Triangulation of the study region, used in the SPDE approach. Yellow dots
represent all lodgepole pine alive and >5 cm DBH in 2004. Green dots represent lodgepole
pine used in modeling (i.e., those >10 m from the edge of the plot and with growth data
preceding the outbreak).



Appendix E
MODEL SUMMARY
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Mean SD 0.025quant Median 0.975quant

Fixed effects:

Intercept 0.567 0.093 0.387 0.566 0.753
DBH 5.608 0.232 5.162 5.604 6.074
BAI 0.269 0.151 -0.025 0.268 0.567
NDI 0.869 0.171 0.537 0.868 1.209
pNDI 0.241 0.140 -0.032 0.241 0.517
TPI 0.098 0.130 -0.159 0.099 0.352
DBH:BAI -0.777 0.376 -1.478  -0.790 0.000
DBH:NDI 0.969 0.392 0.204 0.967 1.743
DBH:pNDI ~ 0.891 0.261 0.354 0.899 1.380
DBH:TPI 0.310 0.324 -0.330 0.311 0.943
PlotC3 0.102 0.251 -0.385 0.098 0.606
PlotD2 1.182 0.255 0.678 1.182 1.684

Model hyperparameters for random effects:

Range for s 33.264 9.726 18.827 31.67 56.664
Stdev fors  0.512  0.097 0.341 0.506 0.721

Table E.1: Summary of model fixed effects and hyperparameters.
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Plot C3
Plot B2

Plot D2

Figure E.1: Posterior mean of the spatial Gaussian random field, which is added to the linear
predictor in logit space.
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Figure E.2: Posterior standard deviation of the spatial Gaussian random field, which is added

to the linear predictor in logit space.
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COMPARISON OF SPATIAL AND NON-SPATIAL MODEL
PREDICTIONS
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Figure F.1: Difference in posterior median predicted mortality probability for a range of
lodgepole pine DBH (10 to 30 ¢cm) when adding the spatial GRF and neighborhood level
covariates to a model that includes only plot and tree level covariates. Predicted mortality
probability is based on the specified DBH (columns) and the values of NDI, pNDI, and the

spatial GRF for a hypothetical tree located within each grid cell in each plot (rows). BAI
and TPI were held at zero (i.e., their average values).
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SENSITIVITY ANALYSIS
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Figure G.1: Effect of neighborhood radius on model coefficients. Dots represent the medians
of the posteriors and horizontal lines represent 95% credible intervals. The effects for each
continuous predictor are per 2 standard deviations in logit space. To enable comparison,
trees <15 from the edge of each plot were excluded from each of the models.



