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Interaction between mountain pine beetle-caused tree mortality and fire
behavior in subalpine whitebark pine forests, eastern Sierra Nevada, CA;
Retrospective observations
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ARTICLE INFO ABSTRACT

The 1351 ha Walker Fire burned in late August 2015 on the eastern Sierra Nevada, California escarpment from
sagebrush steppe and pinyon pine woodlands (2150 m) through mid-elevation forests into subalpine whitebark
pine (WBP; 3310 m). Fuels were particularly dry due not only to the season but as a result of a record multi-year
drought (2012-2015). The fire burned into stands heavily impacted by a mountain pine beetle outbreak (MPB)
during a prior drought (2007-2010). Using plot data, we report 100% mortality due to fire of understory ve-
getation and trees in pinyon pine, aspen, white fir, and lodgepole pine forest types. Fire-caused tree mortality
was lower in Jeffrey pine forests (80%), although 100% of the understory was killed by the fire. For WBP plots in
areas that had not been affected by MPB, 100% of understory and tree layers also burned. Where the fire burned
through plots within the former MPB-outbreak area, 2 of 15 plots had 100% understory vegetation and trees
burned by the fire, while the remaining 13 had varying levels of survivorship. In those plots, pines dead from
prior beetle-kill as well as live trees remained unburned, as did understory vegetation. Whereas such “gray-
stage” stands have been found to reduce fire severity in other regions and forest types, the observed reduction of
surface fire was unexpected. In that fires in the subalpine WBP zone and bark beetle-fire interactions have not
been studied in California, these preliminary observations suggest that subalpine forests are vulnerable to fire
where continuous fuels exist below them. However, in xeric, Mediterranean landscapes, MPB outbreaks in WBP
may reduce subsequent burn severity in unexpected ways. These findings may be important given current
concerns for WBP’s rangewide vulnerability.
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1. Introduction

Interest in disturbance interactions has heightened in recent years,
partly as a result of climate effects and also due to growing awareness of
the potential for mega-disturbances that might result (Millar and
Stephenson, 2015). In western North American forests, drivers such as
hotter drought (Allen et al., 2015), wildfire (Stephens et al., 2014), and
bark beetles (Bentz et al., 2009) have directly catalyzed massive mor-
tality in many species. When these disturbances combine, resulting
outcomes often are unexpectedly severe, pushing systems toward eco-
logical thresholds (Allen et al., 2015; Bentz et al., 2010; Anderegg et al.,
2015).

Mountain pine beetle (MPB, Dendroctonus ponderosae), native to
western North America and hosted by many pine species, has been a
focus of intense research and management attention in recent decades
(Negrén and Fettig, 2014) due to widespread mortality it has caused
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(Raffa et al., 2008; Bentz et al., 2009; Kolb et al., 2016). The con-
ditioning effects of climate change, especially hotter droughts, in pro-
moting extensive MPB outbreaks is widely documented (Bentz et al.,
2010). Given changing regimes of MPB outbreaks and forest fires (Raffa
et al., 2008; Westerling et al., 2006; Vose et al., 2018), an important
question for western pine forests is: do MPB outbreaks affect behavior
of subsequent wildfires, and in particular, do they change (increase)
area burned and fire severity?

Simard et al. (2011) described two types of disturbance interactions
and related them to MPB and wildfire. Linked disturbances occur when
one disturbance event alters the extent, severity, or probability of oc-
currence of a subsequent one in an additive way; compound disturbances
occur when two events in time have unexpected synergistic effects.
Considerable research has tackled the problem of MPB and wildfire
interactions, with mixed findings. Whereas models predict that MPB-
induced tree mortality increases flammability of forests by changing
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canopy and forest floor fuels, observed effects are not clear-cut (Hicke
et al., 2012; Hart et al., 2015). In some cases, predisposition of forests
by MPB resulted in subsequent fires that were more severe and covered
more area than in undisturbed forests (Lynch et al., 2006), and in other
situations no interactions were found (Hicke et al., 2012; Hart et al.,
2015). Simard et al. (2011) report that MPB outbreaks can actually
reduce the probability of active crown fire by thinning pine canopies.
They found that the nature of the interaction depends on—and changes
with—the stage of forest response following MPB attack (“green”,
“red”, or “gray” phase, corresponding to increasing time since attack).

Most studies on fire-MPB interactions have investigated effects in
lodgepole pine (Pinus contorta) and ponderosa pine (P. ponderosa) for-
ests, MPB’s primary hosts, and in mid-montane zones that have optimal
climatic conditions for MPB. In recent warmer decades, MPB has moved
aggressively into higher-elevation subalpine forests, with outbreaks
increasing in the past several decades in the five-needled pines, espe-
cially whitebark pine (WBP; P. albicaulis; Gibson et al., 2008; Kolb et al.,
2016). Interactions of drought, MPB, and the exotic fungal disease,
white pine blister rust (caused by Cronartium ribicola), which causes
extensive mortality in WBP, have been a key focus of research and
conservation attention (Keane et al., 2017). The impacts of combined
disturbances on WBP mortality have been severe enough that the spe-
cies is under consideration for federal endangerment status in the
United States and has been listed as endangered in Canada.

Most studies on WBP have been in Rocky Mountain ecosystems,
where disturbances from blister rust, MPB, and fire have been most
extensive and severe (Keane et al., 2017). WBP forests in California,
where climates are drier and warmer, and where stands have more open
woodland structure, have experienced far fewer fires and MPB out-
breaks than elsewhere in the species’ range (Kliejunas and Dunlap,
2007; Gibson et al., 2008). This situation is changing, however, and as
of the 2007-2010 drought, higher detection of MPB-caused mortality
was observed in California, with highest incidence in the north and
decreasing southward in the Sierra Nevada (Millar et al., 2012; Nesmith
et al., 2019). Trends in fire in subalpine pine forests in the Sierra Ne-
vada are unclear, although potential increases may be occurring (Miller
et al., 2009; Hanson and Odion, 2014).

The Walker Fire of 2015 burned into subalpine WBP forests in the
eastern Sierra Nevada, California, including into stands that experi-
enced a severe MPB outbreak during 2007-2010 (Millar et al., 2012).
We took advantage of existing data to make retrospective observations
on the interaction of prior MPB outbreak and fire effects, asking the
following questions: What was the extent of tree mortality caused by
the Walker Fire as it moved upslope through pinyon woodland, mon-
tane conifer, and into subalpine forests? How did the fire behave when
it encountered stands of tree mortality caused by prior MPB attack?
Based on our observations, we further consider what significance this
might have for whitebark pine stand persistence and regeneration in
situations that resemble those of the Walker Fire.

2. The Walker Fire, setting, and mountain pine beetle history

The human-caused Walker Fire burned on the eastern slopes of the
Sierra Nevada, California, extending from the base of the escarpment at
2150 m to cliffs and scree under Mt Gibbs at 3310 m (Fig. 1). The fire
started near the east end of Walker Lake, Mono County, CA on the
evening of August 14, 2015, about 6 km south of the town of Lee
Vining, and burned rapidly north, northwest, northeast, and upslope.
Although the fire mostly burned the broad, open east/southeast-facing
slopes of the main escarpment, it also burned over the top of the south
ridge of Gibbs Canyon into the canyon on northwest-facing slopes. The
fire was contained on August 31, 2015, by which time it had covered
1531 ha and burned with high severity through the range of vegetation
communities on the escarpment. From low to high elevation these in-
cluded Great Basin sagebrush steppe (Artemisia tridentata); pinyon pine
woodland (Pinus monophylla; Fig. 2a); mountain mahogany woodland
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(Cercocarpus betuloides); trembling aspen forests (Populus tremuloides;
Fig. 2b); mixed-conifer montane forests of Jeffrey pine (P. jeffreyi;
Fig. 2c¢), lodgepole pine (Fig. 2d), western white pine (P. monticola),
and/or white fir (Abies concolor); and subalpine whitebark pine forests
(Fig. 3a) mixed with lodgepole pine and occasional limber pine (P.
flexilis) at lower elevations. About 200 ha of WBP forests burned within
the Walker Fire. At its uppermost (western) reaches, the fire burned into
stunted WBP stands on steep slopes where it stopped on its own
(Fig. 3b), as it did to the north in Gibbs Canyon, where it ran into rock-
fields at the base of the ridge (Fig. 4a). Suppression efforts contained
the other active sides. In most of the burn area, understory vegetation
was completely killed by the fire (Fig. 4b).

The only record of prior fire within the Walker Fire perimeter was a
small fire in Jeffrey pine forests at mid-elevations that occurred
~50years ago. Jeffrey pine had been re-planted after the old fire,
which burned in the Walker Fire. Other than that, and a few dirt tracks
near the edges of fire, no known management or resource manipulation
has taken place historically within the Walker Fire area.

The Walker Fire occurred during a particularly warm and dry
summer. The eastern Sierra Nevada lies in a semi-arid climate zone as a
result of rain-shadow effects of the Sierra crest and Pacific-dominated
storms. Although Mediterranean climates of California regularly bring
extended summer droughts, enhancing fire risk, August of 2015 was
near the end of an extreme multi-year drought. 2012-2015 was the
driest 3-yr period in the past 1200 years (Griffin and Anchukaitis,
2014), and the winter of 2014-2015 experienced its lowest snowpack
on record for the Sierra Nevada. For the winter of 2014/2015, water
content of snow (SWE) for the Sierra Nevada on April 1, 2015 was 5%
of the historic average (CDWR, 2015; Belmecheri et al., 2016). At Tioga
Pass (2987 m), 22km west of the Walker Fire at the Sierra crest,
average SWE measured over 85 years is 66.3 cm; for 2015 it was 3.8 cm
(CCss, 2018).

Temperatures that year were also unusually warm, especially during
winter: whereas average temperature for Dec-Jan-Feb at Mammoth
Lakes, CA (2404 m and 30km south of the fire) is —2.2 C, average
temperature for the winter of 2014-2015 was 2.2 C (US Climate Data,
2019). Mean daily maximum temperature for the 17 days before the
Walker Fire was contained, as recorded at the Virginia Ridge SNOTEL
site (2880 m and 20 km north) was 22.6 °C (range 19-25°C; WRCC,
2019). Mean wind speed during the fire period for the time of day of
highest winds (1600 hrs), measured at the Mammoth-Yosemite Airport
(2175m and 40km south) was 24 km/h (range, 13-35km/hr), and
from the west, including WSW and SNW (MesoWest, 2019).

Subalpine forests of the Sierra Nevada, as throughout much of
western North America, had experienced in years prior to the Walker
Fire variable levels of mortality as a result of mountain pine beetle
outbreaks. Another multi-year drought (2007-2010), which resulted in
significant cumulative water deficit for Sierran forests, as well as unu-
sually high minimum temperatures (Millar et al., 2012), was implicated
in the outbreaks. Of 72,514 ha aerially surveyed for mortality by the
U.S. Forest Service across the Sierra Nevada (USFS, 2011), 4.5% of the
area was affected by MPB-caused mortality, with higher mortality in
the northern Sierra and decreasing amounts southward (Millar et al.,
2012).

In the central eastern Sierra Nevada, the outbreak remained at en-
demic levels, with widely scattered areas of severe attack. Millar et al.
(2012) studied interactions of MPB-caused mortality and drought in six
locally impacted WBP regions; Gibbs Canyon, including forests within
the subsequent Walker Fire, was the northernmost study site. These
forests were mostly small diameter (mean, 25 cm), middle-aged (< 200
yrs), and dense stands (mean basal area, 55.1 m?/ha) of WBP. Mortality
of trees =12 cm diameter over the six regions averaged 70% within
plots; for the Gibbs Canyon stands it was 82% (Fig. 5a). Many small
WBPs survived within the outbreak stands, such that mortality over all
stems within plots for the six regions was 29% and 30% for Gibbs
Canyon (Fig. 5b). Environmental contexts of the stands were consistent
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across the six sites: Stands were located at the eastern edges of the
Sierran escarpment, in low-elevation portions of WBP’s distribution in
this region (mean elevation 2993 m), aspects were dominantly north-
erly, and slopes averaged 12° (Millar et al., 2012).

3. Methods

To estimate the extent of fire damage across forest zones within the
Walker Fire, we stratified the burn area by forest type, and randomly
assigned plots within these. Forest types (by dominant species) were
aspen; pinyon pine; Jeffrey pine; white fir; lodgepole pine; and WBP.
Areas within the burn area that did not contain trees (shrubland or
grassland) were excluded. For non-WBP forest types, we sampled plots
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Fig. 1. Map of the Walker Fire (white outline),
Mono County, eastern Sierra Nevada, California.
The fire started on August 14, 2015 at the base of
the slope near Walker Lake, and burned upslope to
the north, northwest, and northeast, from sage-
brush steppe and pinyon pine woodlands to
whitebark pine forests at the upper reaches.
General areas of forest types are given as: POTR,
Populus tremuloides; PIMO, Pinus monophylla; P1JE,
P. jeffreyi, PICO, P. contorta; PIAL, P. albicaulis, and
ABCO, Abies concolor. Black line at the middle left
of the image is the hydrologic crest of the Sierra
Nevada near Mt. Gibbs. Base image, Google Earth
Pro, vs. 7.3.1, August 11, 2017, accessed March
12, 2019.

(o)
770 46,4,6

roughly in proportion to their cover in the fire area (Table 1). Gen-
eralized forest zones were drawn within the burn area in Google Earth
Pro (vs. 7.3.1), and pins were placed randomly as candidate plot centers
within the zones. Coordinates were found in the field, which became
the centers of 15 m radius circular plots unless no trees were within the
plot. In that case, a random azimuth was chosen and another plot center
was attempted 30 m distant. A small number of plots had unusually
high density of tree stems and 7.5 m radius plots were used in those
cases.

As the primary focus of the study was the effect of fire in WBP, we
increased density of plots in that forest type relative to non-WBP forest
(Fig. 6). Using information from our prior study, and corroborating
with Google Earth historic imagery, we selected 15 plots within

Fig. 2. Typical conditions in burned forests of the
Walker Fire below the whitebark pine zone. (a)
Pinyon pine woodland; (b) Trembling aspen for-
ests; (c) Jeffrey pine forests; (d) Lodgepole pine
forests (with whitebark pine on slopes in fore-
ground). All photos taken June 2017, except (d),
which was taken May 2016. Green vegetation on
the ground is post-fire regrowth in all photos. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. Severely burned whitebark pine in forests that had not experienced prior
mountain pine beetle attack. (a) Typical conditions in upright forests (photo,
May 2016); (b) Stunted pines at highest elevation near the top of the burn area
(photo, October 2017). Green vegetation on the ground is post-fire regrowth.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

locations that we had noted as being heavily affected by bark beetles
(Table 1). For the remaining WBP area, we used our notes and Google
Earth to distribute a relatively equal number of candidate plots (22) to
represent the elevation and aspect diversity of WBP. We confirmed
using historical imagery that these plots locations were not within the
areas of bark beetle mortality.

For each plot elevation, aspect, and slope were noted. Within plots
all trees with diameters =10 cm at 1.3 m stem height were tallied by
species. Diameters at 1.3 m were measured and trees were scored as
alive or dead, and, if dead, likely cause of death (burned or other) was
recorded. For surviving burned trees, scorch heights were noted, and
where entire trees were burned at the plot level, the fire was assumed to
have crowned. An ocular estimate of percent cover of surviving (live)
pre-fire understory in the plot was made (Shimwell, 1972). No ob-
servations were made on post-fire regeneration.

4. Results

The 66 survey plots ranged from 2249 to 3242m, slopes ranged
from O to 40°, and all aspects were represented, with north, east, and
southeast most common (Table 1). Thirty-seven plots sampled WBP
forests, including two in the high-elevation stunted forests. For the five
non-WBP forest types, the Walker Fire killed all understory and all trees
in sampled plots except in Jeffrey pine type (Table 2). For Jeffrey pine
plots, although 100% of the understory burned, a mean of 20% of the
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Fig. 4. (a) Rocky substrate in Gibbs Canyon that served to break the fire’s
northward spread; (b) Severely burned ground and soils typical of the white-
bark pine conditions post-fire.

trees survived the fire, despite that stems were scorched as much as
about 25% the tree height. Other than Jeffrey pine, total death of trees
by the fire was unrelated to species, diameters, or basal area, which
ranged widely by species and plot (Table 2).

Fire effects in the WBP plots (n = 37) differed from those in plots of
the other species (Table 3). For WBP plots outside areas of pre-fire MPB
attack (n = 22), 100% understory and 100% trees were killed by the
fire (Fig. 3). The 15 plots within the area of pre-fire MPB attack ex-
perienced considerable escape from burning, despite that crown fire
occurred in the stands near them (Fig. 7a). Although two prior-MPB
plots were 100% burned (understory and all WBP), the remaining 13
plots had low levels of understory burn (mean, 14.4%) and retained live
trees (mean 25.7% survivorship; Table 3), including pre-fire WBP sap-
lings, woody shrubs, forbs, and graminoids (Fig. 7b). On average within
these plots 12.9% of trees were dead due to fire and 61% died in prior
years due to MPB (i.e., these dead trees showed no evidence of burn, or
were burned only on their lower stems). Variation in mean stem dia-
meters, stem densities, and basal areas among the MBP plots for dead
and live trees was high (Table 3).

5. Discussion

Fires in subalpine forests of California have historically been in-
frequent and, unlike lower elevation zones, generally unaffected by
20th century fire exclusion (Van Wagtendonk et al., 2018). For this
reason, we considered it instructive to describe the conditions of the
Walker Fire, which burned into and killed subalpine forests. Confirming
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Fig. 5. Pre-fire conditions in whitebark pine forests affected by mountain pine
beetle (MPB) outbreak, Gibbs Canyon. (a) “Red stage” pines during the MPB
outbreak stand near what would become the edge of the Walker Fire (photo,
August 2009); (b) “Gray stage” pines (photo, September 2012). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

casual observation, our data indicate that 100% mortality of vegetation
(tree and understory) occurred in pinyon pine, aspen, lodgepole pine,
and white fir-dominated forest plots. Jeffrey pine forest types were the
only mid-slope forests that were not entirely killed, although surface
fires affected them widely (100% understory burned). Subalpine WBP
plots that were undisturbed by prior MPB attack were 100% killed by
the fire, as was surface vegetation. Despite that winds were moderate
and from the west, it seems likely that the drought-stricken forests, late
summer conditions including low humidity and high temperatures, and
the uninterrupted steep gradient of the eastern Sierran escarpment,
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allowed the fire to burn severely upslope through all lower elevation
vegetation types. Thus conditioned, the fire was able to continue into
dense, low-canopied WBP forests it encountered, burning as an active
crown fire through the main WBP stands and into the uppermost
stunted WBP stands near treeline. This corroborates observations that
subalpine WBP forests can be vulnerable to fire when they are in con-
tact with flammable lower-elevation forests that provide continuous
fuels adjacent to them (Jenkins, 2011).

Unexpected were the interactions of the fire with prior MPB-at-
tacked stands of WBP. During the 2007-2010 drought, MPB killed
scattered stands of WBP and mixed WBP/lodgepole pine on the south
ridgetop of Gibbs Canyon and north-aspect slopes of the canyon (Millar
et al., 2012). In some of these areas we found that the fire did not enter
the stands, despite that severe crown and surface burn typified condi-
tions surrounding the fire-free stands. These former MPB affected plots
appeared much as they did before the fire. This included mature dead
(unburned) pines with needles mostly dropped and bark dehiscing
(MPB, “gray stage”); live mature and seedling-to-pole-sized pines; and
live understory. The extent of fire exclusion in former MPB plots varied
from 0% where all vegetation and trees burned, through intermediate
levels, to 100%. Most beetle-affected plots retained significant levels of
surviving trees and understory vegetation. This was in stark contrast to
WBP plots that had not experienced MPB outbreaks where 100% of the
overstory and understory burned.

Considerable research effort has been put into understanding the
interaction of prior bark beetle and subsequent fire behavior in diverse
locations and forest types. Whereas studies range in conclusions from
no or minimal interactions (Hart et al., 2015; Andrus et al., 2016) to
prior MPB tree mortality worsening fire vulnerability and severity
(Lynch et al., 2006), a number of studies have concluded that the type
of interaction depends on the time since bark beetle attack as well as
environmental conditions (Simard et al., 2011; Harvey et al., 2014a;
Harvey et al., 2014b; Jenkins et al., 2014; Meigs et al., 2016). In brief,
summarizing this sequence of fire behavior relative to prior MPB out-
break from Simard et al. (2011), during the “red stage” (1-2 yrs post-
outbreak, large trees killed, canopy needles dry), surface temperatures
increase as crowns thin, and dry crowns with needles intact increase the
likelihood of torching and active crown fires. At 3-5 yrs post- outbreak,
the “gray stage” (dead needles fall, surface vegetation increases), with
reduced canopy fuels, decreases crown fire susceptibility although
surface fires can increase. In old attacks (10-40 yrs post-outbreak, un-
derstory vegetation accumulates, snags fall, tree regeneration in-
creases), surface fires increase, as do torching and crowning due to
increase in ladder fuels and dense mid-canopy layers. Harvey et al.
(2014a) further refine the MPB-outbreak effect on subsequent fire in
relation to whether the fire is moderate or severe. In Rocky Mountain
lodgepole pine forests, they found fire severity during the red stage
mostly unaffected by prior MPB except during extreme burning con-
ditions. Similarly, in the gray stage, they found that surface fire severity
increased only under extreme burn conditions. Many variants of these

Table 1

Walker Fire study plot characteristics: species, elevation, aspect, slope, and prior bark-beetle beetle status.
Forest type” Other species in plot” Plots (n) Plots with bark beetle” (n) Elevation (m) Aspect (octant) Slope (°)

Mean Range Mean Range

Aspen-POTR PIJE 6 0 2347 2249-2499 N, NE, E, SE 9 3-30
Pinyon pine-PIMO PLJE, CELE 8 0 2438 2336-2513 E, S, SW, W, NW 30 15-40
Jeffrey pine-PIJE PIMO, CELE 11 0 2430 2366-2506 NE, E, S 17 5-28
White fir-ABCO - 2 0 2599 2572-2626 E 33 31-35
Lodgepole pine-PICO - 2 0 2792 2784-2801 NE, E 6 0-12
Whitebark pine-PIAL CELE, PICO, PIFL, PIMN, POTR 37 15 2935 2804-3242 N, E, E, SE, NW 10 0-35

@ Forest type, dominant species in plot; Other species in plot: ABCO, Abies concolor; CELE, Cercocarpus ledifolius; PIAL, Pinus albicaulis; PICO, P. contorta; PLJE, P.
jeffreyi; PIFL, P. flexilis; PIMN, P. monticola; PIMO, P. monticola; POTR, Populus tremuloides.

> Number of plots affected by pre-fire mountain pine beetle mortality.
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patterns occur, depending on topography, micro-climate and weather,
and forest type (Simard et al., 2011; Harvey et al., 2014a; Jenkins et al.,
2014).

Little of this prior research on interactions with bark-beetle cycle
and fire has investigated effects on WBP forests or on subalpine forests
in general in the Pacific cordillera, including California. Small ad-
mixture of WBP was included in some Rocky Mountain studies but the
dominant lodgepole pine element defined the ecological conditions for
those ecosystems (Harvey et al., 2014a). Jenkins (2011) focused di-
rectly on WBP, with conditions relevant to Rocky Mountain climates,
topographies, and forest species mixes and structure. He drew attention
to the important surface and canopy variables, affected by prior MPB
outbreak, for subsequent fire behavior. These included the pine fuel
zone (circle of fuels below the drip line of affected trees); non-pine fuel
matrix; crown width (width of individual tree crowns); inter-crown
distance (distance between crowns of neighboring trees), crown base
height (height of lowest live crown); and canopy bulk density. As these
characteristics change during the bark-beetle rotation cycle in WBP,
Jenkins (2011) proposed similar changes as in other species in sub-
sequent fire related to forest structure, fuels accumulation, understory
development, and location of fuels (crown or ground).

The Jenkin’s (2011) study has useful implications for WBP forests
that burned in the Walker Fire. Although we do not have quantitative
measures, the local WBP forests (stands unaffected and affected by
MPB) were relatively dense, mostly with low crown width, dense
crowns, and low inter-crown distances (high canopy cover), suggesting
high canopy bulk densities. These characteristics, combined with
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Fig. 6. Map of the northwest portion of the Walker
Fire showing the WPB stands on the Gibbs Canyon
south ridge. Dots are WBP plot locations; blue,
non-MPB plots; yellow, MPB plots where fire
mortality was < < 100%; white dots, MPB plots
where fire mortality was 100%. Base image,
Google Earth Pro, vs. 7.3.1, August 11, 2017, ac-
cessed May 1, 2019. (For interpretation of the re-
ferences to colour in this figure legend, the reader
is referred to the web version of this article.)

weather and climate conditions (multi-year drought/late summer), to-
pography (steep, uninterrupted), and continuous extent of dense lower-
elevation non-WBP forests, support expectations of active crown fire
continuing into the WBP zone. Further, for the MPB-affected WBP
stands, their gray-stage condition (4-5 yrs post-outbreak) meant nee-
dles had dropped and the already thin bark was sloughing off, thus
reducing canopy fuels. The exclusion of crowning in these MPB-affected
stands could, thus, be expected, even though surrounding burn condi-
tions were severe (conclusions as in Harvey et al., 2014a). Moderate
wind speed was also a characteristic defining crown-fire reduction in
gray-stage forests of lodgepole pine in the Yellowstone region (Simard
et al., 2011).

Unexpected were the reduction and exclusion of surface fires in
some Walker Fire MPB affected plots, and survival of understory ve-
getation including pine regeneration. In that conditions of these high,
dry eastern Sierra Nevada subalpine forests have not been previously
studied, this fire provided a new situation to examine beetle-fire in-
teractions, where possibly the low biomass of surface fuels, as well as
the reduction of crown fire in these environments, helped to retard fire
spread. Likely key to the fire exclusion and reduction in these plots
were the combined conditions of north aspect, downslope path of fire,
lower understory vegetation cover, and location near the edge of fire
run-out. These might have had the effect of slowing the rate of spread of
the fire, and contributing to mosaic intensity. Unexplained, however, is
the presence of 100% surface/crown burned conditions surrounding the
fire-escape plots, which contradicts an interpretation of lessening fire
intensity. Only at the edge of the fire where these MPB stands also occur

Table 2
Burn statistics, basal area, diameters, and stem densities for plots in non-whitebark pine forest types. All dead trees were fully burned and assumed to have been killed
by the fire.

Forest type Understory burned (%) Live trees/Plot (%) Dead trees/Plot (%) Basal area/Plot (m?/ha) Diameter, (cm) Stem density (stems/ha)

Mean Std dev, range Mean Std dev, range Mean Std dev, range Mean, std dev Mean, std dev

Aspen 100 0 - 100 - 36.3 36 (4-78) 16.1, 11 920.1, 481

Pinyon Pine 100 0 - 100 - 14.8 19 (3-64) 18.7, 9 366.0, 219

Jeffrey Pine 100 20 38 (0-100) 80 38 (0-100) 29.1 16 (7-58) 31.8, 19 232.9, 88

White Fir 100 0 - 100 - 22.4 11 (10-42) 30.1, 15 127.4,70

Lodgepole Pine 100 0 - 100 - 18.7 11 (7-30) 17.5,9 474.2, 149

200
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Table 3
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Burn statistics, basal area, diameters, and stem densities for plots in whitebark pine forest type. Mortality is indicated by whether the tree was fully burned or

unburned but dead from prior mountain pine beetle.

Plot type Understory burned Live trees/Plot Dead trees/Plot (%) Basal area/Plot (m?/  Diameter Stem density

(%) (%) ha) (cm) (stems/ha)

Mean  Std dev, Mean Std dev, Dead, Burned Dead, Unburned, Bark  Mean Std dev,

range range Beetles range
Mean Std dev, Mean Std dev, Mean, std Mean, std dev
range range dev

All Plots (n = 37) 76.1 41 (0-100) 9.3 15 (0-43) 69.4 42 (0-100) 21.6 31 (0-88) 30.4 23 (8-110) 18.9,8 911.7, 581
No Prior Bark Beetle (n = 22) 100 - 0 - 100 - - - 29 23 (9-81) 18.9, 8 925.3, 575
Prior Bark Beetle (n = 15) 25.9 12 (0-100) 229 12(0-43) 24.5 23(0-100) 53.2 24 (0-88) 32.4 20 (9-110) 18.9,8 891.8, 589
Prior Bark Beetle excluding 2  14.4 11 (0-100) 25.7 11 (043 129 7 (0-21) 61 15 (39-88) 30.6 27 (3-110) 18.8,2 692.1, 155

fully burned plots
(n=13)

Fig. 7. Whitebark pine stands within the Walker Fire that experienced moun-
tain pine beetle (MPB) mortality prior to 2011. (a) Condition of fire-escape
stands, with unburned dead trees from MPB attack and live understory, in-
cluding young lodgepole and whitebark pines; (b) Typical understory vegeta-
tion in fire-escape MPB stands.

does it seem likely to explain the fire being at low intensity and burning
in a mosaic pattern. To the extent the Walker Fire conditions accurately
indicate fire interactions with former MPB outbreak, they suggest a
compound-type disturbance interaction where prior MPB activity sup-
pressed fire behavior (Simard et al., 2011).

Our study presents simple retrospective observations, fortuitous due
to prior study of the same forests during an MPB outbreak (2007-2012).
A number of uncertainties and assumptions could bias our conclusions.

While we document major structure from plot data, we did not quan-
titatively assess surface or crown fuel conditions, or develop quantita-
tive measures of crown height, crown distances, etc. We assume the
Walker Fire burned as an active crown fire into the locations of the
former WBP-affected stands, and we assume the conditions of these
stands contributed to fire reduction in the crowns and surface fuels. The
distribution of plots in the WBP beetle-affected stands may have been
imbalanced so as to favor stands where fire was excluded (in addition to
random assignment, we used stand locations from our prior study),
giving more weight to fire exclusion rather than burning than would be
warranted. In that the observed effects were unexpected and because
WBP/subalpine forests have not been studied for beetle-fire interactions
in typical dry Great Basin conditions, we believe it is valuable to de-
scribe the effects observed from this fire and to encourage further study
in the California WBP region.

6. Conclusions

The 1531 ha Walker Fire burned on the eastern Sierra Nevada es-
carpment in late August 2015 near the end of an extreme multi-year
drought. It was unusual for California in that it burned as an active
crown fire into and through high-elevation WBP forests. Plot data from
the forests below the subalpine zone, including pinyon pine, trembling
aspen, Jeffrey pine, lodgepole pine, and white fir forest types, indicated
that for all but the Jeffrey pine stands the fire killed all understory and
tree vegetation as it moved upslope. Jeffrey pines survived in low
percentages (20%) where crown heights were high above the ground, in
which case the fire burned as a surface fire. Prior outbreak by MPB
(2007-2010) in the area of the fire had been studied by Millar et al.
(2012), wherein stands with up to 80% mortality were reported. In 13
of 15 post-fire WBP plots located within the former MPB-outbreak area,
fire was excluded at moderate to complete levels. In those plots, many
dead trees from prior beetle-kill were unburned, as was understory
vegetation, including pine regeneration, as well as pole-sized and ma-
ture pines. The lack of crown fire corroborates prior studies that found
reduced fire severity due to lower fine fuels in the crowns of “gray-
stage” stands. The reduction or lack of surface fire in these stands,
however, was unexpected and not readily explained. A slow fire,
moving downslope on cooler north aspects with low winds, may have
stalled altogether due to lack of crown fuels and low understory cover
when it met stands of former mortality.

In that fire in the California WBP subalpine zone has been little
documented or studied, and interactions of former MPB outbreaks and
fire not studied at all for this region, we present these preliminary
observations to encourage further study. Should the interactions we
observed occur in future fires, the implications for WBP persistence and
management planning differ from those studied in other regions.
Former MPB-attacked stands, with surviving live pines and understory
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vegetation, could provide regeneration sources scattered in otherwise
severely burned zones. The legacy of these trees as seed sources could
become increasingly important under changing conditions of climate
change (Young et al., 2019) Moreover, as we have shown for WBP and
limber pine in this area (Millar et al., 2007, 2012), surviving trees in the
MPB outbreak appear to be genetically better suited to the current
climate, thus post-fire regeneration from these stands should result in
better adapted forests, a result that appears to be more widespread (Six
et al., 2018). Conservation assessments for WBP following MPB out-
break such as in the eastern Sierra would evaluate these stands as
having higher potential for persistence and regeneration than assumed
from conclusions in other regions. Given concerns for WBP’s rangewide
vulnerability, this information may provide important information for
assessments of its status and conservation.
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