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Abstract. Understanding how drivers of ecological disturbance operate across scales is important in an
era of increasing disturbance activity. Severe and extensive Dendroctonus bark beetle outbreaks across west-
ern North America have left in their wake dominance by shade-tolerant and commonly late-seral trees
such as subalpine fir (Abies lasiocarpa), which can foster resilience of forest cover. However, subalpine fir
decline (SFD) is a poorly understood phenomenon that has killed trees across millions of hectares in west-
ern North America with unknown consequences for future forest resilience. How different factors (e.g., cli-
mate, topography, host-tree characteristics, and abundance) govern SFD presence and severity across
spatial scales from individual trees to a subcontinental scale has not been explored in a single framework.
Here, we combine broad-scale geospatial data on SFD occurrence, stand-scale field data on SFD severity,
and fine-scale individual tree data on mortality to test the relative importance of factors related to SFD
across spatial scales spanning >10 orders of magnitude (<1 m to >10 M hectares). At the broadest scale
(subcontinental, ~25 M ha), annual areal extent of SFD over time increased sharply with antecedent
drought. At regional- (~6 M ha) and stand- (0.1-0.25 ha) scales, the occurrence and severity of SFD were
spatially associated with more mesic topographic positions and greater host-tree abundance. Finally, at the
individual tree- and tree-neighborhood- (<1 m) scale, the probability of mortality increased for larger trees
and trees closer to dead conspecific neighbors. The positive temporal association of SFD with drought at
broad scales versus the positive spatial association of SFD with mesic sites at fine scales suggests strong
importance of local biotic processes in mediating drought-driven forest decline and highlights the need for
understanding multi-scale drivers of ecological disturbance.
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INTRODUCTION

Biotic disturbances (e.g., insect and pathogen
outbreaks) are integral components of function-
ing forest ecosystems across temperate zones
globally. As the climate warms, biotic distur-
bances and associated tree mortality are antici-
pated to increase substantially in area and
frequency (Bentz et al. 2010, Allen et al. 2015,
Anderegg et al. 2015, Kautz et al. 2017, Seidl
et al. 2017). Mechanisms driving biotic distur-
bances are sensitive to climate conditions and
governed by myriad abiotic and biotic drivers
and feedbacks operating across a wide range of
spatial and temporal scales (Raffa et al. 2008).
Such complex interactions across space and
time require incorporation of data from a range
of scales (Peters et al. 2004, 2011, Falk et al.
2007, Meentemeyer et al. 2012), yet multi-scale
analyses are rare (Powers et al. 1999, Seidl et al.
2016, Senf et al. 2017).

Recent outbreaks of bark beetles and associ-
ated fungal pathogens have occurred at conti-
nental-scale extents across the northern
hemisphere (Raffa et al. 2008, Meddens et al.
2012, Lausch et al. 2013, Seidl et al. 2016). For
example, subalpine conifer forests in western
North America have been recently affected by
widespread outbreaks of mountain pine beetle
(Dendroctonus ponderosae; MPB) and spruce beetle
(Dendroctonus rufipennis; SB; Raffa et al. 2008,
Meddens et al. 2012), which often kill 90% of
pine or spruce tree basal area (Simard et al. 2012,
Hart and Veblen 2015). The majority of studies
on bark beetle outbreaks and fungal pathogen
outbreaks from the last several decades has
focused on pine or spruce species that are of high
economic value. Survival of non-attacked trees is
one key mechanism for forest persistence after
disturbance (Lloret et al. 2012)—yet, relatively lit-
tle attention has been paid to biotic disturbances
in shade-tolerant and commonly later seral spe-
cies of lower economic value.

Subalpine fir (Abies lasiocarpa) is a key compo-
nent of forest resilience following recent bark
beetle outbreaks in subalpine forests of the
Rocky Mountains. Subalpine fir is highly shade
tolerant and is characterized by prolific under-
story establishment in sites dominated by lodge-
pole pine (Pinus contorta) or Engelmann spruce
(Picea engelmannii; Veblen 1986, Andrus et al.
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2018). After MPB- and/or SB-caused death of
pine and spruce, respectively, subalpine fir expe-
riences growth release from competition and
dominates the recently opened forest canopy
(e.g., Veblen et al. 1991, Diskin et al. 2011). Post-
outbreak succession to subalpine fir is therefore
critical for persistence of subalpine forest ecosys-
tems until future stand-initiating disturbances,
although shade-tolerant late-seral species may be
particularly vulnerable to stress (Bigler et al.
2007).

From 1994 to 2014, subalpine fir mortality (sub-
alpine fir decline, hereafter SFD) was recorded in
over 5 M ha in the western USA (Fig. 1), but the
causal mechanisms and consequences for forest
resilience are poorly understood. Multiple poten-
tially interacting mechanisms may be responsible
for SFD (Lalande et al. 2020). Western balsam
bark beetle (Dryocoetes confuses; WBBB) is a native
insect found throughout the range of subalpine
fir that kills trees by excavating galleries in the
cambium of older, larger diameter trees with
smaller crowns and slower radial growth (Gibson
et al. 1997, McMillin et al. 2003, Bleiker et al. 2003,
2005). Two fungal root pathogens caused by
Armillaria root rot (Armillaria spp.) and Annosus
root disease (Heterobasidion parviporum) also infect
subalpine fir, causing decay and death to root tis-
sue, predominantly on larger trees (Worrall et al.
2004). Finally, subalpine fir exhibits strongly
restricted stomatal conductance during moisture
stress (Pataki et al. 2000), making it highly suscep-
tible to mortality during annual and multi-year
droughts (Bigler et al. 2007).

Understanding how drivers of tree mortality
operate across spatial scales is critical to antici-
pating future forest disturbance and resilience
(Peters et al. 2004, Falk et al. 2007, Meente-
meyer et al. 2012). A key knowledge gap in the
face of warming temperatures and increasing
disturbance is understanding how abiotic and
biotic factors can drive patterns of forest mor-
tality—or conversely how these factors can
result in refugia for trees from mortality events
(McDowell et al. 2019). This understanding is
particularly important for understudied, shade
tolerant, and commonly late-seral species such
as subalpine fir, which are expected to compen-
sate for the tree biomass loss of dominant tree
species caused by biotic disturbance (Lloret
et al. 2012).
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Fig. 1. Spatial scales and examples of subalpine fir decline (SFD) at each scale. Aerial Detection Survey (ADS)
data illustrating the spatial extent of SFD (in yellow) at (A) subcontinental and (B) regional scales. Photographs
depict SFD severity at (C) stand scales (red and gray tree crowns), as well as (D) individual tree mortality caused

by (E) western balsam bark beetle (star shaped galleries under the bark) and (F) Armillaria sp. fungus under the
bark at the root collar. Photo credits: B] Harvey.
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Table 1. Research questions, spatial scale, and response variables for examining drivers of subalpine fir decline

(SFD) across four spatial scales.

Research question Scale Extent Grain Response variable (source)

1. How is inter-annual variability in SFD Subcontinental U.S. Rocky U.S.Rocky  Annual area (ha) of SFD
extent affected by climate conditions? Mountains Mountains  occurrence in each year from

1994 to 2014 (ADS data)

2. How is the presence of SFD affected by =~ Regional Southern 26-ha grid  Presence/absence of SFD in a grid

topography and host-tree abundance? Rocky cells cell at any point from 1994 to
Mountains 2014 (ADS data)

3. How is stand-scale severity of SFD Stand Central 0.1-0.25-ha  Proportion of subalpine fir basal
affected by topographic context and stand Colorado field plots  areain a stand that was dead
structure? Front from SFD (field plots)

Range

4. How is the probability of tree-scale Local: Tree 0.1-ha plots  Individual = Probability of mortality for each
mortality affected by tree size and and tree trees subalpine fir tree (field plots)
distance to dead neighbors? neighbor

Note: ADS, Aerial Detection Survey.

We address knowledge gaps introduced above
using multiple data sources across spatial scales
spanning >10 orders of magnitude to ask four
research questions about the fundamental nature
of SFD (Table 1). (Q1) How is broad-scale inter-
annual variability in SFD extent affected by tem-
poral variability in climate conditions? (Q2) How
is regional-scale presence of SFD affected by spa-
tial variability in topography and host-tree abun-
dance? (Q3) How is stand-scale severity of SFD
affected by spatial variability in topographic con-
text and stand structure? (Q4) How is local-scale
(e.g., tree) probability of mortality affected by
tree size and proximity to dead neighbors? For
each research question, we tested hypotheses at
the appropriate spatial scale about the relative
importance of drivers of SFD (Table 2). Among
scales, we were interested in how abiotic (e.g.,
climatic and topographic conditions that are
stressful for tree growth and survival) and/or
biotic (e.g., higher amount and connectivity of
host trees, which can lead to contagious pro-
cesses of WBBB and fungal pathogens) variables
related to SFD occurrence, extent, and/or
severity.

METHODS

Study area

At the broadest spatial scale (subcontinental),
the study area is the extent of subalpine forest in
the U.S. Rocky Mountains (Fig. 1A). We defined
the extent of this area using a combination of the
EPA level III Ecoregions 15, 16, 17, and 21
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(Omernik 1987) and the LANDFIRE Environ-
mental Site Potential (ESP) class Rocky Mountain
spruce-fir forests, which corresponds to locations
that are dominated by subalpine fir and Engel-
mann spruce after long periods since a stand-re-
placing disturbance (Rollins 2009). At the
regional scale (southern Rockies), the study area
was defined by areas characterized as LAND-
FIRE Environmental Site Potential (ESP) class
Rocky Mountain spruce-fir forests within the
Southern Rockies EPA level III Ecoregion 21,
which is generally bounded by the coordinates:
37° N to 42° N latitude and 104° W to 109° W
longitude (Fig. 1B). At the stand scale, the study
area is the central Colorado Front Range east of
the continental divide, extending from the
Poudre River drainage in the northern portion of
Rocky Mountain National Park to the South
Boulder Creek Watershed in the Arapahoe-Roo-
sevelt National Forest (ARNF; Fig. 1C). At the
finest spatial scale (tree and tree neighborhood),
the study area comprises six stem-mapped plots
within a subset of field plots (Fig. 1D).

Geospatial and field data sources

Data for the two broadest scales (subcontinen-
tal and regional) are from publicly available Geo-
graphic Information System (GIS) spatial
datasets. We assessed SFD occurrence using the
USDA Forest Service Aerial Detection Survey
(ADS) dataset (https://www.fs.fed.us/foresthea
Ith/aviation/aerialsurvey.shtml), which is pro-
duced annually over most forested area in the
USA. ADS data are digitized georeferenced
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Table 2. Predictor (or candidate for stand-scale) variables for SFD at each spatial scale.

Predictor variable (unit) by scale

Expected effect and justification

Source for expectation

Subcontinental (Q1)

Drought severity (Palmer Drought
Severity Index, PDSI)

Regional (Q2)
Elevation (m)
Heat Load Index (unitless)
Subalpine fir abundance
(proportion of sub-grid cells with
spruce-fir cover)
Stand (Q3)
Elevation (m)
Heat Load Index (unitless)

Topographic Relative Moisture
Index (unitless, scales from
0 to 50)

Stand basal area prior to SFD
(m?/ha)

Stand stem density prior to SFD
(trees/ha)

Subalpine fir basal area prior
to SFD
(m?/ha)

Subalpine fir stem density prior to
SFD (trees/ha)

Proportion of stand basal area
prior to SFD that was subalpine
fir (prop.)

Proportion of stand density prior
to SFD that was subalpine fir
(prop.)

Subalpine fir quadratic mean
diameter (QMD) prior to SFD
(cm)

Stand age (age of oldest recorded
tree)

Subalpine fir population
heterogeneity (coefficient of
variation in diameters)

Tree and tree neighbor (Q4)

Focal subalpine fir tree size

(diameter at 1.37 m height, in cm)

Distance to nearest dead subalpine
fir tree (0.1 m)

(+) increased moisture stress on host trees

(—) decreased moisture stress on host trees
(+) increased moisture stress on host trees

(—) less stress on subalpine fir trees near
core of distribution

(—) decreased moisture stress on host trees
(+) increased moisture stress on host trees

(—) decreased moisture stress on host trees
at more mesic sites

(+) greater host availability for biotic
agents and greater tree stress from
competition

Same as above

(+) greater host availability for biotic
agents and greater tree stress from
competition

Same as above

(+) greater host availability for biotic
agents

(+) greater host availability for biotic
agents

(+) greater host availability for biotic
agents

(+) greater host availability for biotic
agents

(—) greater stand-structure diversity
decreases susceptibility

(+) larger trees are more susceptible to
biotic agents

(+) if biotic agents; (—) if abiotic agents

Raffa et al. (2008), Bentz et al. (2010),
Meddens et al. (2012), Williams et al.
(2012)

Maclauchlan (2016), Reich et al. (2016)
Maclauchlan (2016), Reich et al. (2016)
Reich et al. (2016)

Maclauchlan (2016), Reich et al. (2016)

Bleiker et al. (2005), Maclauchlan (2016),
Reich et al. (2016)

Bleiker et al. (2005), Maclauchlan (2016),
Reich et al. (2016)

McMillin et al. (2003)

McMillin et al. (2003)

McMillin et al. (2003)

McMillin et al. (2003)

McMillin et al. (2003)

McMillin et al. (2003)

McMillin et al. (2003), Worrall et al.
(2004)

Bleiker et al. (2003), Maclauchlan (2016)

Raffa et al. (2008)

Bleiker et al. (2003), Worrall et al. (2004)

Parish et al. (1999)

Note: The spatial resolution of predictor variables matches the spatial resolution of the response variables in Table 1.

polygons of the presence and intensity of agents
of damage or mortality in forested areas. Trained
forest health scientists, observing from a fixed-
wing aircraft, map polygons with insect and dis-
ease damaged trees and then assess the causal
agent affecting each host-tree species surveyed.
We excluded the southern tip of the Rocky
Mountains that extends south of Colorado and
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into northern New Mexico as well as the north-
western tip of the Rocky Mountains into eastern
Washington, as these areas extend into USDA
Forest Service regions 3, and 6, respectively, and
records for aerial detection survey data prior to
the year 2000 were not consistent with the proto-
cols in the Rocky Mountain regions (USDA For-
est Service regions 1, 2, and 4). Climatic data
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were obtained from the National Oceanic and
Atmospheric Administration data portal (https://
www?7.ncdc.noaa.gov/CDO/CDODivisionalSelec
t.jsp#), topographic factors were obtained from
the 30-m USGS National Elevation Dataset
(https://catalog.data.gov/dataset/usgs-national-
elevation-dataset-ned), and vegetation factors
were obtained from the LANDFIRE (Rollins
2009) dataset Environmental Site Potential (ESP;
https://www.landfire.gov/esp.php).

For the two finest scales (stand and tree/tree
neighborhood), data are from thirty-three 0.1-ha
field plots located on the eastern slope of the Col-
orado Front Range in the U.S. Rocky Mountains.
In each of three locations spanning 70 km from
north to south, plots were located across an ele-
vational gradient (Appendix S1: Table S1). This
gradient spanned the lower limit of the spruce-fir
forest (lower elevation transition into mid-mon-
tane forests dominated by lodgepole pine (Pinus
contorta var. latifolia), Douglas-fir (Pseudotsuga
menziesii var. glauca), and ponderosa pine (Pinus
ponderosa)) to the upper treeline (upper elevation
transition into alpine tundra), generally from
2900 to 3450 m, respectively. In order to be
included in this study, plots were required to
meet the following criteria: at least 40 m?/ha live
basal area and 500 live stems/ha prior to recent
SFD (approximately the year 2000); at least 15%
of the basal area composed of spruce and/or fir
(to qualify as spruce-fir subalpine forest); at least
15% of trees composed of subalpine fir (to
include stands across a gradient of subalpine fir
dominance); and no evidence of recent fire or
logging disturbance. Plots were located between
100 and 300 m from the nearest road or trail, and
were randomly located in forest stands that met
the criteria above; plots were separated by a min-
imum distance of 500 m.

In each plot, we constructed a 0.1-ha (1018 m)
circle plot with four 18-m transect tapes radiating
out from the plot center in each of the cardinal
directions. Within the entire 0.1-ha plot, all trees
taller than 1.37 m and likely to have been stand-
ing prior to recent SFD (based on decay class at
time of sampling) were recorded with the follow-
ing data: species, diameter at breast height (dbh
at 1.37 m above the ground, to the nearest
0.5 cm), status (live/dead), broken stem (y/n),
rooting status (standing or down), and foliar con-
dition if live (percentage of green needles out of
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all needles in crown). For all dead trees, we
recorded a modified decay class (1, 50-100% red
needles; 2, 5-50% red needles; 3, <56% needles,
>50% fine branches attached; 4, >50% fine
branches fallen; 5, <50% coarse branches
detached; 6, >50% coarse branches detached; 7,
bark decayed, minimal wood decomposition; 8,
decomposing sapwood/heartwood; 9, partially in
ground), and any signs of mortality agents. Dead
subalpine fir with decay class <8 were assumed
to be alive in 2000 at the beginning of the recent
SFD episode, whereas dead subalpine fir with
decay class >8 were assumed to have been dead
prior to 2000 and were not included in our quan-
tification of recent SFD severity. This assumption
was verified by assessing the decay class in our
survey (2016) of a subset of permanently tagged
dead subalpine fir trees that were alive in 1994,
prior to the recent SFD episode (Smith et al.
2015). Bark beetles were assigned (to the species)
if there were exit holes, resin flow, frass or boring
dust, and characteristic galleries for western bal-
sam bark beetle (Dryocoetes confusus), spruce bee-
tle (Dendroctonus rufipennis), mountain pine
beetle (Dendroctonus ponderosae), Ips sp (Ips spp.;
Forest Health Protection Rocky Mountain Region
2010). We also noted the presence of Armillaria
root rot (Armillaria spp.) through the observation
of resinosis on the lower tree bole near the root
collar and white mycelial mats between bark and
sapwood on the lower bole or roots (Forest
Health Protection Rocky Mountain Region 2010).
Mechanical damage (e.g., from abrasion or
neighboring trees falling) was also noted for each
tree. We extracted tree cores at a coring height of
1 m from the two largest and presumably oldest
Engelmann spruce trees in the plot to estimate
stand age. Coordinates (UTM NAD 83) and ele-
vation (m above msl) were recorded for each plot
center with a handheld GPS with +3 m accuracy.
Plot slope was measured to the nearest degree
with a TruePulse 360 laser rangefinder, and
aspect azimuth was measured to the nearest
degree with a handheld compass.

On a subset of plots with similar stand density,
we also recorded the spatial location of every
stem in the plot by measuring the distance (to
the nearest 0.1 m) and azimuth (to the nearest
degree) from plot center to each tree using a
TruePulse 360 laser rangefinder. This was done
in 6 plots overall: 3 plots with high-severity SFD
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(1 randomly selected plot in each of the three plot
locations with SFD mortality >30% of subalpine
fir basal area) and 3 plots with low-severity SFD
(1 randomly selected plot in each of the three plot
locations with SFD mortality <10% of subalpine
fir basal area).

Measures of subalpine fir decline

At the two broadest spatial scales (subconti-
nental and regional), the spatial and temporal
extent of SFD was characterized using the ADS
dataset. To determine the presence or absence of
SFD, we converted the ADS data from its native
polygon format into 30-m (0.09-ha) grid cells
(aligned with the topographic data, see below)
and each grid cell with SFD presence was
assigned a 1 and cells with no SFD presence were
assigned a 0. Because ADS data are collected at a
coarse spatial scale (Johnson and Ross 2008), we
then aggregated all 30-m grid cells within an
approximate 0.25-km? grid cell (510 x 510 m, or
26 ha) and noted the presence or absence of SFD
within each 0.25-km? grid cell. Aggregating ADS
data to 0.25-km” grid cells alleviates concern
regarding classification accuracy of the native
polygon data format (Johnson and Ross 2008)
and has been used reliably in many studies
(Chapman et al. 2012, Meddens et al. 2012, Hart
et al. 20154, b). The aggregation resulted in
981,108 grid cells (255,186 km?) at the subconti-
nental scale of the U.S. Rocky Mountains and
236,636 grid cells (61,549 km?) at the regional
scale of the U.S. Southern Rockies.

At the two finest spatial scales (stand and
tree/tree neighborhood), SFD severity was char-
acterized using the field plot dataset. At the
stand scale (n = 33 plots), the response variable
of SFD severity was quantified as the propor-
tion of subalpine fir basal area that died in the
recent SFD event—from approximately the year
2000 to time of the 2015/2016 field sampling.
This value was computed by dividing the total
dead subalpine fir basal area measured in the
field (excluding trees assumed to have died
prior to 2000, based on decay class) by the total
subalpine fir basal area for all trees that were
either alive at the time of sampling or recently
(since 2000) dead. At the tree and tree-neigh-
borhood scale (n = 613 trees total; 308 in high-
severity SFD plots, 305 in low-severity SFD
plots), the response variable was individual tree
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survival or mortality probability for each sub-
alpine fir tree that was assumed to have been
alive in 2000 (either alive, or dead since 2000,
at time of field data collection).

Measures of potential predictors of subalpine fir
decline

At the subcontinental scale (U.S. Rocky Moun-
tains), the potential predictor of SFD extent over
time was annual variability in drought severity
(Appendix S1: Tables S2, S3). We characterized
drought severity with the Palmer Drought Sever-
ity Index (PDSI)—a widely used index that incor-
porates antecedent and current moisture supply
and demand to measure cumulative departure in
surface water balance (Palmer 1965, Alley 1984).
PDSI has been related to tree mortality (Hart
et al. 2014a) and is characterized as a standard-
ized value that ranges from approximately —10
to +10 (dry to wet, respectively); values less than
—3 characterize severe to extreme drought. To
align with the scale of the subcontinental scale,
we took the mean PDSI value for the four U.S.
Rocky Mountain states (Colorado, Wyoming,
Montana, and Idaho; Appendix S1: Table S3).

At the regional scale (Southern U.S. Rocky
Mountains), potential predictors of SFD were ele-
vation, heat load index, and host abundance
(Appendix S1: Table S2). Elevation (m) was
assigned by averaging among the 30 m grid cells
that comprise each 0.25-km? grid cell. Heat load
index was computed as a unitless index of local
microclimate by modifying the potential direct
incident solar radiation (MJ cm?®/yr) computed
from the latitude, aspect, and slope of each 0.25-
km? grid cell and shifting the folded aspect axis
from 0° and 180° (min and max, respectively) to
45° and 225° (McCune and Keon 2002). Greater
values of the heat load index correspond to war-
mer/drier sites and lesser values correspond to
cooler/wetter sites. Host abundance was com-
puted as the proportion of each 0.25-km? grid
cell grid cell that was occupied by the class
Rocky Mountain spruce-fir forests from the 30-m
grid cells in the ESP layer from LANDFIRE (Roll-
ins 2009).

At the stand scale, potential predictors of SFD
were three topoclimatic variables and nine stand-
structure  variables (Table 2; Appendix Sl:
Table S2). Elevation and heat load index were the
same as the regional scale, but measured (or
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computed, in the case of heat load index) at the
scale of the plot. We also computed an index of
relative soil moisture availability for each plot
following established methods for a Topographic
Relative Moisture Index (TRMI), which incorpo-
rates topographic position, slope aspect, slope
steepness, and slope configuration (Parker 1982).
TRMI can range from a minimum of 0 (warm,
dry topographic positions on a very steep south-
west facing convex ridgetop) to 50 (cool, wet
topographic positions on a shallow-sloped north-
east facing concave valley bottom). Actual TRMI
values in our plots ranged from 12 to 46
(Appendix S1: Table S2). Potential stand-struc-
ture predictor variables at the stand scale
included total live tree density, total live basal
area, and stand age preceding the recent SFD epi-
sode. In addition, we included subalpine fir live
tree density, subalpine fir live basal area, the pro-
portion of live stand basal area (and stems) that
was subalpine fir, the quadratic mean diameter
(QMD) of subalpine fir, and the coefficient of
variation (CV) of subalpine fir dbh preceding the
recent SFD episode (Table 2; Appendix S1:
Table 52). At the tree and tree-neighborhood
scale, potential predictors of SFD were the dbh
(in cm) for each tree, and the distance to the near-
est dead subalpine fir tree (to the nearest 0.1 m).

Data analysis

The nature of the research questions and data-
sets used to characterize SFD and associated pre-
dictor variables varied among the four scales of
analyses (Table 1). Therefore, our analyses were
specific to each spatial scale.

For Q1 (subcontinental scale), we tested the
correlation between the predictor variable (PDSI)
and area affected by SFD over the period 1994—
2014, using the Pearson correlation coefficient. To
account for the l-year time lag between when
mortality agents are affecting a tree and when
corresponding tree crown dieback would be
observed by ADS personnel, we compared the
PDSI of the preceding year to the SFD mapped in
a given year (e.g., the PDSI for 1994 was paired
with the SFD area in 1995). In addition to the 1-
year time lag, we also tested time lags of 0, 2,
and 3 yr between annual PDSI and SFD extent
(Appendix S1: Table S3).

For Q2 (regional scale), our dataset was the
entire wall-to-wall overlap of the response (SFD
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presence) and predictor (elevation, heat load
index, and spruce-fir forest) variables in each
grid cell of the entire study area. That is, our
dataset was an entire census of the total area of
interest, rather than a sample. For this reason,
and as in established methods (Chapman et al.
2012, Hart et al. 20154), we did not employ a sta-
tistical test in Q2; rather, we compared the distri-
bution and median values for each of the
predictor variables in areas where SFD was pre-
sent vs. areas where SFD was absent in the time
period 1994-2014.

For Q3 (stand scale), we used a combination of
approaches to test the relationship between the
response (SFD severity) and predictor (a combi-
nation of 12 topoclimate and stand-structure
variables, Table 2; Appendix S1: Table S2). We
first compared the correlation coefficient for pair-
wise relationships between SFD severity and
each predictor variable (Appendix S1: Fig. S1)
and selected the topoclimate variable and the
stand-structure variable that had the highest cor-
relation with SFD severity (TRMI and pre-mor-
tality subalpine fir basal area had the top two
correlation coefficients with SFD overall). We
then built a beta regression model with the r
package betareg (Cribari-Neto and Zeileis 2010)
to test the relationship between SFD severity and
these top two candidate predictor variables,
including potentially significant interaction
terms. A nominal 0.01 was added to the response
variable of SFD severity for all plots to account
for two plots with 0%. Prior to analysis, one plot
was excluded from regression models as an out-
lier because of an anomalously high basal area
value—a transcription error that could not be
resolved from the original field data—resulting
in 32 plots for stand-level analyses. Inclusion or
exclusion of this plot did not qualitatively change
model results.

For Q4 (tree and tree-neighborhood scale), we
built a generalized linear mixed regression
model (logistic regression, family binomial) with
the r package Ime4 (Bates et al. 2015). The model
tested the probability of mortality for subalpine
fir trees as a function of dbh and distance to the
nearest dead subalpine fir tree, with plot
included as a random term in the model to
account for the hierarchical structure of multiple
trees per plot. We were interested in whether the
effect of distance to nearest dead subalpine fir
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changed with tree size, so we also tested for an
interaction term between dbh and distance. We
were also interested in seeing if relationships dif-
fered between plots with high- or low-severity
SFD. Therefore, analyses for Q4 were performed
with two models: one model for trees in the three
high-severity SFD plots and one model for trees
in the three low-severity SFD plots.

RESULTS

Subcontinental scale

At the broadest spatial scale of the U.S. Rocky
Mountains, SFD varied over space and time and
was strongly associated with temporal variability
in broad-scale drought. From 1994 to 2014, 3.9
million ha of forest in the U.S. Rocky Mountains
were cumulatively affected by SFD, with mortal-
ity prevalence generally greater toward the south
(Fig. 1A). The bulk of SFD extent occurred
between the years 2000 and 2007 (Fig. 2A); the
year with the greatest extent of mortality was
2004, when 375,971 ha were affected. The annual
areal extent of SFD was negatively correlated
(r = —0.64, P = 0.002) with PDSI in the previous
year in the U.S. Rocky Mountains (Fig. 2A); that
is, SFD extent increased in and following years of
warm and dry conditions (i.e., years with low
PDSI). The relationship with annual SFD and
PDSI was similar with 2- and 3-year time lags
(r=—-0.60 and r= —0.63, respectively), and
weaker with no time lag (r = —0.45). The years
20012004 were all characterized by regional
PDSI values lower than —3.0 (severe to extreme
drought) and were immediately followed by the
years with the greatest SFD extent (2003-2005).

Regional scale

At the regional scale of the Southern U.S.
Rocky Mountains over the years 1994-2014, dif-
ferences in host-tree abundance and topography
between locations of SFD presence and absence
were qualitatively minimal compared to the
overall range of each variable, but some quantita-
tive differences were observed. Areas of SFD
were associated with slightly greater spruce-fir
abundance; the proportion of a grid cell occupied
by spruce-fir forest was 4% greater in areas of
SFD presence (median 90% of grid cell) than SFD
absence (median 86% of grid cell) (Fig. 2B). Grid
cells with SFD presence were characterized by an
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elevation distribution that was similar to the
overall distribution of spruce-fir forests, though
areas of SFD presence (median 3109 m) were 2%
lower elevation than areas of SFD absence (me-
dian 3175 m; Fig. 2C). Finally, SFD presence was
more associated with cooler and moister topo-
graphic positions, as the median heat load was
5% lower in areas of SFD presence (0.83) than
areas of SFD absence (0.87; Fig. 2D).

Stand scale

At the stand scale, SFD severity in the field
plots ranged from 0 to 62% (median 18%, mean
24%) of subalpine fir basal area killed. SFD sever-
ity was most strongly associated with site mois-
ture conditions (TRMI) and host-tree abundance
(pre-mortality subalpine fir basal area), with no
significant interaction between these factors
(Fig. 2E, F; Appendix S1: Table S4). Effect size
was slightly greater for TRMI than for host-tree
abundance. SFD severity more than doubled
from ~15% dead subalpine fir basal area in dry
topographic positions (TRMI = 10) to ~40% dead
subalpine fir basal area in wet topographic posi-
tions (TRMI = 50; Fig. 2E). Comparatively, SFD
severity approximately doubled from ~20% dead
subalpine fir basal area if pre-mortality subalpine
fir basal area was less than 10 m*//ha to ~40%
dead subalpine fir basal area if pre-mortality sub-
alpine fir basal area was greater than 60 m*/ha
(Fig. 2F).

Tree and tree-neighbor scale

Of the 3,817 subalpine fir trees recorded across
all 33 field plots, 891 (24%) were recently dead
from SFD (decay class < 8). Among dead trees,
83% had at least one sign of biotic mortality
agents; 78% had western balsam bark beetle gal-
leries (of which 49% had no other agent identi-
fied), 33% had evidence of armillaria sp. fungal
hyphae (of which 4% had no other agent identi-
fied), and 29% had evidence of both western bal-
sam bark beetle and armillaria sp. fungal hyphae.
Fourteen percent of dead subalpine fir trees had
no evidence of a mortality agent, and 3% of dead
subalpine fir trees had evidence of mechanical
(e.g., wind or abrasion from neighboring trees)
damage leading to death.

At the tree and tree-neighbor scale in high-
severity SFD plots (plots with >30% SFD), SFD
was strongly associated with tree size and
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Fig. 2. (A) Correlation between SFD area in each year (solid line) and Palmer Drought Severity Index (PDSI) in
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(Fig. 2. Continued)

the preceding year (dashed line) at the subcontinental scale of the U.S. Rocky Mountains. Histograms and medi-
ans of areas where SFD is present/absent for three predictor variables: (B) spruce-fir forest proportion; (C) eleva-
tion; and (D) heat load index at the regional scale of the Southern Rocky Mountains. Effects plots for beta
regression model testing the relationship between SFD severity and the two most important stand-scale predictor
variables: (E) Topographic Relative Moisture Index (TRMI) and (F) pre-mortality subalpine fir basal area. Effects
plots for generalized linear mixed-effects logistic regression model testing the relationship between mortality of
individual subalpine fir trees as a function of (G) dbh and (H) distance to the nearest dead neighboring subalpine

fir. For plots E-H, each data point is represented by a short vertical line above the x axis.

distance to nearest dead subalpine fir tree, with
no significant interaction between these factors
(Fig. 2G,H; Appendix S1: Table S5). The proba-
bility of mortality was greater than zero for trees
of all sizes; trees at 7.5 cm dbh had a ~0.25 prob-
ability of mortality, and mortality probability
steadily increased with tree size to ~0.90 at 60 cm
dbh (Fig. 2G). Trees immediately adjacent to
dead subalpine fir trees had the highest probabil-
ity of mortality (approximately 0.55), and the
probability of mortality steadily decreased with
greater distances from the nearest dead sub-
alpine fir tree; mortality probability was near
zero at 10-12 m from the nearest dead neighbor-
ing tree (Fig. 2H). For low-severity SFD plots
(plots with less than 10% SFD), the positive rela-
tionship between tree size and probability of
mortality was of marginal significance, and there
was no evidence for a relationship between dis-
tance to nearest dead tree and probability of mor-
tality or an interaction effect between the factors
(Appendix S1: Table S6).

DiscussioN

At the broadest scale (subcontinental), we
found strong support of our hypothesis that tem-
poral variability in drought is important for driv-
ing temporal variability in SFD extent. Our
findings are similar to those found for other
insect outbreaks across North America and Eura-
sia in that outbreaks track drought in time
(Chapman et al. 2012, Williams et al. 2012, Hart
et al. 20144, Seidl et al. 2016, Young et al. 2017).
Potential mechanisms for the broad-scale effects
of abiotic (climatic controls) are likely a combina-
tion of stress effects on trees as well as promoting
the population growth for some of the biotic dis-
turbance agents (Raffa et al. 2008). For example,
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periods of severe drought can increase moisture
stress on trees, particularly shade-tolerant late-
seral trees that might be less resistant to drought
(Bigler et al. 2007). For subalpine fir, slow growth
rates associated with stress have been shown to
decrease defensive capacity against attack from
WBBB (Bleiker et al. 2005). At the same time,
high temperatures that often accompany (or
drive) drought can release key constraints on bio-
tic agents such as WBBB. For example, WBBB
development and activity are positively related
to temperature and are inhibited by low temper-
atures (Gibson et al. 1997, Negron and Popp
2009). Collectively, the strong effects of drought
on driving temporal variability in SFD extent
suggest that if host trees are present, drought is a
key inciting factor for SFD.

At regional to stand scales, the conditions asso-
ciated with spatial variability in SFD extent and
severity, respectively, supported complementary
insights of those at the subcontinental scale.
Whereas temporal variability in SFD extent was
driven by broad-scale drought conditions, spatial
variability in SFD was more associated with
mesic topographic positions and areas of sub-
alpine fir dominance rather than xeric locations
where subalpine fir would be assumed to be clo-
ser to the edge of physiological tolerance. That is,
SFD is driven by hot and dry periods over time,
but severity is greatest in areas that are cool, wet,
and conducive to biotic interactions associated
with tree mortality.

At the regional scale, we did not find support
for the hypotheses that SFD presence would be
greatest in locations associated with high mois-
ture stress for subalpine fir. For example, SFD
was just as likely to be present in locations closer
to the core range of subalpine fir than near the
edge of the range (Fig. 2B). Individuals near the
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edge of a species’ range can typically experience
greater stress as they are in the zone of physio-
logical tolerance for the geographic niche (Chase
and Leibold 2003). However, the marginally
greater median proportion of spruce-fir forest in
locations with SFD presence than SFD absence
suggests that SFD is at least as likely, if not more
likely, to occur near the core of the range for sub-
alpine fir rather than at margins. The finding that
the median heat load (proxy for spatial variabil-
ity in moisture stress) was also marginally
greater at locations with SFD absence than loca-
tions with SFD presence suggests that although
subcontinental drought may be driving temporal
variability in SFD, locally droughty sites are not
more prone to SFD than are locally mesic sites
(Lalande et al. 2020).

Our regional-scale spatial analyses did not
reveal strong differences between locations of
SFD presence and absence within the extent of
spruce-fir forests, and minor differences may be
within the spatial range of error for our datasets.
Future work could address these challenges by
applying satellite remote sensing techniques
used for mapping spruce beetle outbreak, which
have proven promising (Hart and Veblen 2015,
Foster et al. 2017). Producing wall-to-wall accu-
rate data on species-level tree occurrence and
abundance remains a challenge. Many manage-
ment jurisdictions (e.g., a single National Forest
or a USDA Forest Service Region) have fine-scale
(e.g., 30-m pixel) data on vegetation communi-
ties. However, methods vary across management
jurisdictions based on local objectives, making
broad-scale use of such data challenging. Broad-
scale data such as the LANDFIRE (Rollins 2009)
vegetation data that we use are consistent across
management jurisdictions, but are more general
to the plant community (e.g., spruce-fir forest)
than species-specific. Aerial survey data such as
the USDA ADS dataset we used here are useful
in that they identify, through expert knowledge,
the host tree and probable agent causing tree
damage or mortality (Meddens et al. 2012). How-
ever, different biotic disturbances have different
scales of spatial grain (i.e., the finest resolvable
unit of mapping), and aligning the spatial grain
of the disturbance with the spatial grain and spa-
tial accuracy of the mapping method remain a
challenge (Johnson and Ross 2008, Maclauchlan
2016).
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At the stand scale, the strong spatial associa-
tion between SFD severity and mesic locations
with greater host-tree abundance has important
implications for the role of biotic interactions (in-
sects and pathogens) in tree mortality. All
hypotheses that were supported were those asso-
ciated with locally greater moisture availability
and greater biotic disturbance opportunity. The
primary factor associated with SFD severity was
the plot-scale moisture index (TRMI)—SFD
severity more than doubled across the gradient
from the driest to the wettest sites. While wetter
sites do not indicate greater local drought inten-
sity, they may support biotic agents of distur-
bance in several ways. First, wetter sites support
more and faster growing subalpine fir trees
(Andrus et al. 2018, Chai et al. 2019), which may
attract and support larger populations of WBBB
(Bleiker et al. 2003). At the same time, on an indi-
vidual level, faster growing subalpine fir trees of
a given size are less susceptible to mortality from
WBBB (Bleiker et al. 2005). How the trade-off
between the positive effects of site moisture on
abundant host trees and tree-level vigor influ-
ences SFD remains an important question. Sec-
ond, wetter sites with deeper soils may be more
conducive to abundance of Armillaria sp. fungi
(Worrall et al. 2004), and during warm periods of
drought, these wetter sites may be even more
conducive to fungal pathogen growth (Lalande
et al. 2020). Conversely, on drier sites, soil condi-
tions may be less suitable for buildup of high
Armillaria sp. populations, and the lower relative
abundance of subalpine fir may be less able to
support large populations of WBBB. In our plots,
depth of the soil organic layer was strongly posi-
tively correlated with TRMI (r = 0.61, P < 0.001;
B. Harvey, unpublished data) and may have facili-
tated fungal growth. Finally, wetter sites are con-
ducive to more rapid subalpine fir growth,
which could result in a tree-level trade-off in
resource allocation associated with longevity
(Bigler and Veblen 2009).

The secondary factor associated with SFD
severity at the plot scale was the total basal area
of subalpine fir prior to the mortality event, sup-
porting the hypothesis that host abundance for
biotic agents is important for spatial variability
in SFD. Larger and more abundant subalpine fir
trees are important for the most commonly
observed biotic mortality agent (WBBB, for
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which galleries were observed on 78% of dead
trees; Bleiker et al. 2003, McMillin et al. 2003), as
well as Armillaria sp., which commonly was
observed on trees with WBBB galleries (Worrall
et al. 2004). This finding is consistent with a
stand-scale study of SFD in the southern Rockies
(Lalande et al. 2020) and dynamics in other bark
beetle outbreaks (Furniss et al. 1979, Amman and
Cole 1983, Powers et al. 1999, Simard et al. 2012,
Hart et al. 2014b, Seidl et al. 2016), where the
availability of large diameter host trees is a key
stand-scale predictor of disturbance severity
(proportion of trees that die).

Although not selected in the regression model
for Q3, the individual relationships between SFD
and each of the candidate predictor variables at
the stand scale support the finding that mesic
locations with greater host abundance are impor-
tant for local SFD dynamics (Appendix S1:
Fig. S1). First, based on relationships between
inter-annual climate variation (Q1), SFD could be
expected to be greatest in xeric sites. Yet, topocli-
matic factors were either unrelated to SFD (e.g.,
elevation) or related with SFD in ways that
demonstrate a positive relationship with cool/
wet conditions (e.g., SFD declined with increas-
ing heat load index and SFD increased with
increasing TRMI). Second, the increase in SFD
with factors that relate to high-productivity sites
for subalpine fir (total basal area and proportion
basal area composed of subalpine fir) suggests
that abundant large subalpine fir trees were most
important for SFD. The density of subalpine fir
trees was unrelated to SFD at the stand scale,
indicating that the total number of trees, regard-
less of tree size, mattered less. This finding is
consistent with the availability of large host trees
for biotic disturbance agent being a key requisite
for biotic causes of mortality (Furniss et al. 1979,
Amman and Cole 1983, Powers et al. 1999,
Simard et al. 2012, Hart et al. 2014b, Seidl et al.
2016, Lalande et al. 2020). Finally, factors that
correspond to stand-scale structural complexity
(e.g., stand age) and heterogeneity (e.g., CV of
subalpine fir dbh) were unrelated to SFD, indi-
cating that the amount of large host trees, rather
than stand-level heterogeneity, was more impor-
tant at the stand scale.

Local-scale (tree and tree-neighborhood scale)
variability in mortality probability was strongly
related to tree size and distance to nearest dead
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neighbor, highlighting the importance of biotic
factors at fine scales. Between high-severity and
low-severity plots that were stem-mapped, there
was no difference in stem density and corre-
sponding average distance to nearest neighbor-
ing tree for subalpine fir (P = 0.91) or all species
combined (P = 0.46)—indicating that among-tree
competition was similar for trees in these plots.
As such, if drought stress and competition-re-
lated mortality was the primary factor driving
mortality, for a given tree, mortality would be
expected to be less likely if a neighboring tree
died and resources are released. However, we
found the opposite, which can be a strong indica-
tor of the key role of contagious biotic agents of
mortality such as poorly dispersing insects or
fungal pathogens (Larson et al. 2015). In plots
with low severity SFD, we found little support
for a relationship between tree mortality and tree
size and no evidence that distance to nearest
dead neighbor was important. Although density
did not differ between high- and low-severity
SFD plots, subalpine fir QMD was marginally
(P =0.08) greater in high-severity than low-
severity plots (22.2 and 15.5 cm, respectively),
corresponding to a greater number of host trees
for biotic agents such as WBBB (Bleiker et al.
2003, McMillin et al. 2003, Lalande et al. 2020).
Collectively, this suggests that connectivity
among large trees that serve as hosts for biotic
disturbance agents was greater in high-severity
SFD plots, even though connectivity among host
trees irrespective of size was similar. This pro-
vides further evidence pointing to the mortality
in the recent SFD episode being locally mediated
by spatially contagious processes involving
WBBB, Armillaria sp. fungus, or both, rather than
from abiotic-driven stress alone (Lalande et al.
2020).

Collectively, our finding that broad-scale tem-
poral variability in SFD corresponds to periods
of drought and that spatial variation in SFD
extent and severity corresponds to mesic loca-
tions with greater host-tree abundance suggest
implications for mechanisms that could be tested
in future research. Xeric sites, while more
exposed to the direct effects of drought, may be
serving as topographic refugia from SFD as the
relative scarcity of subalpine fir could drive less
exposure to biotic agents of mortality. This mech-
anism has been suggested in other conifer-
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dominated systems experiencing recent drought-
related mortality and warrants further explo-
ration (McDowell et al. 2019). Additionally, our
data could mean that locally moist and cool sites,
which may be better for rapid tree growth, could
be also areas of high mortality and rapid popula-
tion turnover (Bigler and Veblen 2009, Redmond
and Kelsey 2018). Trees in drier sites could poten-
tially allocate more carbon to root development
than trees in moister sites and therefore be more
buffered from the effects of severe drought peri-
ods such as those that occurred from 2001 to
2004 in the Rocky Mountains. As such, whether
subalpine fir is actually experiencing greater
drought stress in xeric sites than mesic sites is
unknown. Radial growth of subalpine fir may be
more sensitive to climatic fluctuations than other
co-occurring species in mesic sites, even when
responses to climate are similar in xeric sites (Vil-
lalba et al. 1994). This sensitivity may lead to
greater susceptibility to drought-driven mortality
for subalpine fir than for co-occurring tree spe-
cies (Bigler et al. 2007). To address these uncer-
tainties, future studies could measure tree
ecophysiological responses across a moisture
gradient and/or populations of biotic agents of
mortality across a host-abundance gradient.
Research at the stand and tree scale on the mech-
anisms of SFD remains a research priority.

CONCLUSIONS

By integrating data across scales spanning
several orders of magnitude, we uncover key
insights about the factors associated with SFD
—a widespread, but poorly understood forest
disturbance. Specifically, broad (e.g., subconti-
nental) scale temporal patterns in SFD extent
were associated with temporal patterns in
drought. However, regional-, stand-, and local-
scale spatial patterns of SFD extent, severity,
and individual tree mortality were associated
with mesic topographic positions, greater host
abundance, and connectivity for biotic agents
of mortality. This positive temporal association
with drought at broad scales and negative spa-
tial association with xeric sites at local scales
highlights the role of scale in understanding
the mechanisms driving ecological disturbance.
That is, inferences drawn from broad-scale
trends about the importance of drought over
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time could be misleading if applied to spatial
variability at local scales, where SFD severity
was greatest on mesic sites and where the host
tree was abundant. Conversely, trees in xeric
sites were the least susceptible to SFD and
suggest that life-history trade-offs or refuge
from biotic agents of mortality may be impor-
tant for persistence in a warming climate.
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