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ABSTRACT

A century of fire suppression has left fire-dependent forests of the western United States increasingly vulnerable
to wildfire, drought, and insects. Forest managers are trying to improve resilience using treatments such as
mechanical thinning and prescribed fire; however, operational and resource constraints limit treatments to a
fraction of the needed area each year. An alternative is to let wildfires burn under less-than-extreme fire weather
where human lives and infrastructure are not at risk. We examined post-fire forest structure using airborne lidar
data to determine whether a single wildland fire following an extended fire-free period could produce forest
structures resembling fire-resilient historical conditions. We studied forest structures resulting from these “first-
entry” fires in a forest with a history of timber management (2008 American River Complex Fires, Tahoe
National Forest) and in a wilderness area (2009 Big Meadow Fire, Yosemite National Park). We compared the
results of these first-entry fires with nearby reference areas that had experienced 2+ fires that burned pre-
dominately at low- and moderate-severity. We identified visible overstory trees from the lidar data and examined
their patterns in terms of individuals, tree clumps, and openings. We found that moderate-severity fire effects in
these first-entry fires produced similar patterns to the reference areas with area in openings at approximately
40% and trees predominately in small (2 to 4 trees) and medium (5-9 trees) clumps High-severity fire produced
mortality likely to lead to large canopy openings that were historically uncharacteristic in these forests. As burn
severity increased, the amount of the residual canopy area represented by taller trees (> 16 m and espe-
cially > 32m) decreased, which could result from fires preferentially killing taller trees or from locations with
taller trees more commonly experiencing lower burn severities. Our study suggests that first-entry fires allowed
to burn under less-than-extreme conditions can reproduce spatial patterns resembling historical conditions re-
silient to fires and drought but possibly at the disproportionate expense of larger trees.

1. Introduction

Stephens et al., 2018; van Wagtendonk and Moore, 2010).
To address the increased vulnerability of altered forests to a chan-

Over a century of fire suppression, timber harvesting, and other
management practices have left the previously frequent-fire forests of
the western United States increasingly vulnerable to wildfire, drought,
and insects (Franklin and Johnson, 2012; Stephens et al., 2016).
Wildland fire coupled with climatic change threatens critical habitats,
healthy water supplies, residential safety, carbon storage, and recrea-
tional amenities (Lalonde et al., 2018; Liang et al., 2018). These threats
are likely to grow over time as fuel loads increase, temperatures warm,
and drought becomes more frequent (Abatzoglou and Williams, 2016;
Crockett et al., 2018; Diffenbaugh et al., 2015; Stephens et al., 2008;

ging climate, managers are focusing on improving resilience. We use
ecological resilience (hereafter, resilience) to refer to the capacity to
persist through and re-organize after disturbance, adapt to shifting
environmental conditions, and maintain basic ecosystem structure and
function over time (Walker et al., 2004). Increasingly, the spatial pat-
terns of trees and openings within stands are considered in developing
restoration guidelines (Churchill et al., 2017). Historically, repeated
low- to moderate-severity fires organized forests into patterns of in-
dividual trees and distinct small tree clumps separated by openings of
varying sizes (Churchill et al., 2013; Larson and Churchill, 2012; Barth
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et al., 2015; Jeronimo, 2018; Jeronimo et al., 2019; Kane et al., 2014;
Larson and Churchill, 2012; Lydersen et al., 2013). Heterogeneous
patterns of trees and openings create a patchy surface fuel matrix that
burns with more variable fire behavior, reduced crown fire potential,
and reduced large tree mortality compared to the dense, closed-canopy
forests common following fire suppression (Bigelow et al., 2011;
Kennedy and Johnson, 2014; Linn et al., 2013; Miller and Urban, 2000;
Parsons et al., 2017; Rothermel, 1991; Safford et al., 2012; Stephens
et al., 2008; Symons et al., 2008; Ziegler et al., 2017). The reduced tree
density created by interspersed openings also reduces the risk of sub-
sequent drought mortality (Knapp et al., 2017; Skov et al., 2004;
Stephens et al., 2008; Stephens et al., 2018; Young et al., 2017). In
addition to conferring resilience, greater variability in tree clump sizes
improves habitat for a range of wildlife species (Buchanan et al., 2003;
Comfort et al., 2016; Daw and DeStefano, 2001; Hollenbeck et al.,
2011; Roberts et al., 2008; Sollmann et al., 2016, 2015).

Lydersen et al. (2013) among others documented the loss of this
historical structure and the resulting homogenization of spatial pattern
under a regime of overstory harvest followed by decades of fire sup-
pression. Managers are beginning to use combinations of mechanical
thinning and prescribed fire to restore these historical spatial patterns
(Churchill et al., 2017). However, treatments are often constrained due
to a lack of resources and conflicting management goals, limiting the
area treated to a small fraction of that needed each year to meaningfully
reduce fire hazard (North et al., 2012; Stephens et al., 2016; Vaillant
and Reinhardt, 2017). As an alternative, wildfires could be managed in
a way that would allow restoration of resilient tree clump and opening
patterns while also reducing fuels. This strategy, for example, has been
successfully adopted in Yosemite and Sequoia-Kings Canyon National
Parks where substantial areas have had two or more low- or moderate-
burn severity fires (Jeronimo et al., 2019; Kane et al., 2014).

No study that we aware of, however, has examined whether first-
entry, or initial, burns following decades of fire suppression recreates
opening and tree clump patterns resembling those likely produced by
historical frequent burns at low- to moderate-severity. If first-entry
burns were shown to produce these structures, which likely would in-
crease resilience to future fires and drought, then managers may be
more willing to allow fires burning under low- and moderate-fire
weather to burn.

In this study, we used airborne lidar (formerly an acronym for ‘light
detection and ranging’) data to examine forest structures resulting from
two fires in the Sierra Nevada, California, USA. Airborne lidar data
allows high fidelity measurement of overstory tree structure over large
areas (Kane et al., 2010a,b) and has been used to study the effects of fire
across landscapes in the Sierra Nevada (Garcia et al., 2017; Hu et al.,
2019; Jeronimo et al., 2019; Kane et al., 2013, 2014, 2015a,b). One of
our study fires burned in a forest with a history of active timber man-
agement and the other in an area with no harvest history. Both fires
include control areas where this fire was the first-entry fire with no
record of previous fires since 1878. We compare the mixture of forest
structures created by different burn severities in these fires to nearby
reference areas that have experienced two or more predominately low-
to moderate-severity fires, as well as nearby the control areas. In this
paper, we address four questions:

e How do patterns of tree clumps and gaps vary by burn severity?

e Does the distribution of overstory tree heights change with in-
creasing burn severity?

e How does a first-entry fire change forest structure in managed
versus wilderness forest?

e Do the changes from first-entry fire move structure toward a con-
temporary active-fire reference condition?
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2. Methods
2.1. Study areas

Our study areas were located in the Sierra Nevada mixed-conifer
zone, which is dominated by a variable mix of ponderosa pine (Pinus
ponderosa), Jeffrey pine (P. jeffreyi), sugar pine (P. lambertiana), white
fir (Abies concolor), red fir (A. magnifica), and incense cedar (Calocedrus
decurrens). Common hardwood species in these forests include black
oak (Quercus kelloggii) and canyon live oak (Q. chrysolepis). We limited
our analysis to the lower montane, mid-montane, and upper montane
climate classes associated with this zone mapped by Jeronimo et al.
(2019). Historically, these forests had a frequent, predominantly low-
severity fire regime, and are a focus for restoration to improve their
resilience to fire following nearly a century of fire suppression
(Weatherspoon and Skinner, 1996; North et al., 2009).

We selected two fires that 1) had an area for which the fire was the
first recorded fire, 2) burned with a mixture of burn severities, 3) and
had post-fire airborne lidar coverage (Fig. 1). We determined whether
an area had previously burned or not by using the California State Fire
and Resource Assessment Program’s maps of fire perimeters extending
back to 1878 (http://frap.fire.ca.gov/data/frapgisdata-sw-
fireperimeters_download; accessed June 7, 2019). In addition, both
fires included areas where two or more predominantly low- to mod-
erate-severity fires had occurred that we used as reference areas
(Jeronimo 2018; Jeronimo et al. 2019). To evaluate what the pre-fire
forest structure might have been in the first-entry burn areas, we se-
lected nearby control areas that had no record of fire.

To determine that the areas of the first-entry burns and the controls
had similar pre-fire forest structures, we compared pre-fire values for
basal area, quadratic mean diameter, and canopy cover as modeled by
the Landscape Ecology, Modeling, Mapping, and Analysis program
(Pierce et al., 2009) (https://lemma.forestry.oregonstate.edu/data; ac-
cessed June 7, 2019). We determined that the areas were not statisti-
cally distinct using the Kolomogorov-Smirnov test (Lilliefors, 1969,
1967) using the R statistical software (R Core Team, 2013), which is a
nonparametric test that quantifies the distance between two cumulative
distribution functions for continuous values. We removed from the
analysis areas within the first-entry burns and the control areas that
were not identified as having conifer or mixed-conifer vegetation cover
in the USDA Forest Service’s Existing Vegetation (eVeg) classification
database. (https://www.fs.usda.gov/detail /r5/landmanagement/
resourcemanagement/?cid = stelprdb5347192 accessed August 15,
2019). The two study areas differed by size and range of and mean
elevation (Table 1).

For the fire in an area with a history of active management, we
selected the lightning-ignited 2008 American River Complex (ARC)
Fires in the Tahoe National Forest. In the mid to late 1800s, large
portions of this area were largely clear cut, in the 1970s and 1980s
numerous clear cuts and shelterwood cuts were done across the fire
area, and in the years before the fire several fuel treatments were im-
plemented (Safford, 2008). The center portion of the fire’s area is
managed as a designated roadless area, which means that little to no
management activities have occurred in recent decades. Both the first-
entry burn and control areas have been subjected to active management
in the decades leading to the ARC fires. The USDA Forest Service’s
Activity Tracking System (FACTS) (https://data.fs.usda.gov/geodata/
edw/datasets.php?dsetParent = Activities; accessed August 15, 2019)
shows that 18% of the control area and 19.5% of the first-entry burn
area had had a variety of management activities from 1968 through the
time of the fires.

The ARC Fires burned approximately 8100 ha between June 21 and
August 1, 2008. These began as several individual fires that merged into
a contiguous area, and we analyze them as a single fire. Management
activities to suppress the fire were limited by available resources (over
2000 fires were ignited statewide that summer) and smoke-induced
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Fig. 1. Study area locations for the 2008 American River Complex Fires in Tahoe National Forest and the 2009 Big Meadow Fire in Yosemite National Park. Each
study fire included a first-entry burn following decades of fire suppression, one or more adjacent reference areas that experienced two or more predominately low-
and moderate-severity fires, and a nearby control area that has no recorded history of fire.

limitations on air operations (Safford, 2008). These resource limitations
and the relatively benign fire behavior contributed to the long duration
of the fire. Most of the area with high-severity fire burned over two days
under extreme fire weather when values for the Energy Release Com-
ponent (ERC, a measure of fuel dryness) exceeded 90th percentile va-
lues. We excluded from our study area a portion of the ARC Fires that
had previously burned (and did not meet reference forest criteria,
(Jeronimo et al. 2019) and portions that were not classified as conifer
or mixed-conifer vegetation types in the eVeg database

For the fire in an area with no harvest history, we selected the 2009
Big Meadow Fire in Yosemite National Park, which resulted from an
escaped prescribed fire (National Park Service, 2009). This fire burned
3004 ha between August 26 and September 10, 2009. The National
Park Service has managed this area as wilderness (and a portion of the
area is congressionally designated wilderness) with no record of pre- or
post-fire logging. Following the escape of the prescribed fire, park

Table 1

managers worked to actively suppress and contain the fire. We excluded
from our study area portions of the Big Meadow Fire that had pre-
viously burned in the predominately high-severity 1990 A-Rock Fire,
burned in the 2013 Rim Fire, or lay outside the area of the lidar cov-
erage.

Because of the complex fire histories of both study areas and the
area available within each lidar flight, we were constrained in selecting
the location of adjacent control and reference areas. This led to dif-
ferences in mean elevation between these control areas and the areas of
the first-entry fires, particularly for the ARC Fires (Table 1). In addition,
the ARC Fires’ control area was located around a ridge while that fire
primarily burned valley slopes in the conifer and mixed-conifer vege-
tation zones included in this study.

The choice of the location for the Big Meadow Fire control area was
constrained by available lidar data coverage and the fire history of the
nearby areas. We chose an area that had experienced some harvesting

Area in hectares and elevation ranges for each study area’s reference and control areas, and the first-entry low-, moderate-, and high-severity burn areas.

American River Fires

Big Meadow Fire

Ref. Control Low Mod. High Ref. Control Low Mod. High
Area (ha) 135 912 1792 1758 1424 780 926 131 139 89
Elevation (m)
Minimum 767 1465 718 731 740 1642 1586 1492 1456 1491
Mean 1333 1724 1474 1543 1598 1941 1801 1833 1761 1751
Maximum 1641 2102 2059 2056 2044 2161 2004 2158 2145 2107
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up to the 1920s prior to being incorporated into the park. In selecting
this area, we examined both the canopy areas of lidar identified trees
based on tree heights (see methods below) and the distribution of these
values as examined by niche overlap analysis (Broennimann et al.,
2012; Mouillot et al., 2005) between the control area and areas that
experienced low-severity burns in the Big Meadow Fire. By both mea-
sures, the control area had far fewer identified trees > 48 m than the
low-severity burn patches but similar canopy area for trees in the 32m
to 48 m stratum. This would be consistent with the control area having
been harvested through removal of the largest trees (‘high grading’),
which was a common practice in that era in the Sierra Nevada. How-
ever, since the control area had not been subjected to further active
management since the 1920s, we believed that it was representative of
the infilling common following decades of fire suppression.

We wanted to compare the effects of the first-entry fires against
contemporary reference areas where re-introduced frequent-fire re-
gimes have burned forests following decades of fire exclusion. Unlike
reference conditions based on historical field data or reconstructions of
historical stands from contemporary field data, modern reference sites
reflect post-fire exclusion responses to fire in contemporary climate
conditions (Jeronimo et al., 2019). We used the methods of Jeronimo
et al. (2019) to identify areas within the ARC Fires and Big Meadow Fire
that met the following criteria to be a contemporary reference area:
average number of fires is =2 although portions with a single fire were
permitted, at least one fire within the last 30 years, and high severity
burn patches were <10% of the area. The Westville and Italian re-
ference areas were identified after the publication of Jeronimo et al.
(2019) and lay within the ARC Fires burn perimeter. A large portion of
the Big Meadow Fire (780 ha) constituted the Tamarack reference area
(Jeronimo, 2018; Jeronimo et al., 2019). Additional information on the
characteristics of the reference areas is provided in the online supple-
ment.

2.2. Lidar acquisitions and burn severity maps

The National Center for Airborne Lidar Mapping (Houston, Texas,
USA) collected airborne lidar data for both study areas using Optec
family lidar sensors that recorded up to four returns per pulse. The
Center acquired lidar data covering the ARC study area in 2013, five
years after the fires, with an average density of 8.6 pulses per square
meter, a scan angle of + 14°, and a nominal flight altitude of 600 m.
The Center acquired lidar data covering the Big Meadow study area in
2013, four years after the fire, with an average density of 12 pulses per
square meter, a scan angle of + 14°, and a nominal flight altitude of
600 m. The time between the fires and the lidar acquisition for both
study areas was long enough for needle drop and extended delayed tree
mortality following the fire to occur (Hood et al., 2010). We used the
vendor-supplied digital terrain models derived from the lidar data.

We used one-year post fire 30 m resolution burn severity maps
available from the Monitoring Trends in Burn Severity (MTBS) project
(Eidenshink et al., 2007) to estimate burn severity for the ARC and Big
Meadow Fires. We used a focal function to average burn severity for a
3 X 3 grid cell area surrounding each focal pattern to match the area of
90 X 90 m analysis windows used to analyze forest structure patterns
(see below). We used the Relativized differenced Normalized Burn
Ratio, RANBR, (Miller and Thode, 2007) which is an extension of the
differenced Normalized Burn Ratio, dNBR (Key and Benson, 2006).
These severity measurements calculate Normalized Burn Ratios (NBRs)
from Landsat bands 4 (near infrared) and 7 (mid infrared) using pre-
and post-fire images to estimate burn severity. Higher values of these
satellite-derived burn indices indicate a decrease in photosynthetic
materials and surface materials holding water and an increase in ash,
carbon, and soil cover. Miller and Thode (2007) and Miller et al. (2009)
demonstrated that RANBR produced more accurate classifications of
fire severity in Sierra Nevada forests, particularly for areas with lower
pre-fire canopy cover. We classified the continuous RdANBR
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measurements into the five standard MTBS fire severity classes using
the field validated RANBR thresholds from Miller and Thode
(2007): < —150, enhanced greenness indicating bloom of plant
growth; —150 to 68, no detected change in post-fire vegetation; 69 to
315, low-severity burn with fine fuels removed and some scorching of
understory trees; 316 to 640, moderate burn severity with some fuels
remaining on forest floor, mortality of small trees, scorching of crowns
for medium and large-sized trees; and =641, high burn severity with
near-complete combustion of ground fuels, near total mortality of small
and medium sized trees, and severe needle scorch and/or mortality of
large trees.

2.3. Lidar processing

We created canopy height models (CHMs) for the study areas using
the US Forest Service’s FUSION Lidar Toolkit (McGaughey, 2018). Lidar
return heights were normalized using the vendor-delivered ground
models. The CHMs were created as a 0.75 m resolution raster in which
each cell took on the z-value of the highest lidar return in that cell
above the elevation of the digital terrain model. The CHM was
smoothed with a 3x3 cell mean filter to remove noise and to improve
overstory tree detection (Jeronimo et al., 2018; Jeronimo, 2015).

Individual trees in the overstory were identified using the FUSION
TreeSeg tool, an implementation of the watershed transform algorithm
(McGaughey, 2018; Vincent and Soille, 1991). We identified trees using
only CHM grid cells > 2m in height to exclude the ground and shorter
shrubs and trees. Each identified tree was assigned a georeferenced x,y-
location and a height corresponding to the highest CHM grid cell in its
identified crown. The TreeSeg algorithm examined the morphology of
the canopy surface model surrounding the high point of each identified
tree to model the crown perimeter of the tree, which was stored as a
polygon (McGaughey 2018). We chose the watershed algorithm be-
cause it is a mature algorithm, is computationally efficient over large
areas, and is implemented in several lidar processing packages making
it easy for others to follow our methods. Its accuracy also has been
assessed in Sierra Nevada mixed-conifer forests (Jeronimo et al., 2018;
Jeronimo, 2015).

The watershed transform algorithm, like almost all lidar tree iden-
tification algorithms, identifies overstory trees directly visible to the
lidar instrument. Subordinate trees, which often are the most numerous
on a site, are not detected. We adopt the tree-approximate object (TAO)
paradigm where each TAO represents an identified tree that may have
none to several subordinate trees beneath its outer surface (Jeronimo
et al., 2018; Jeronimo et al., 2019; North et al., 2017). Treating tree
detection results as TAOs is a way to make use of tree-scale measure-
ments while explicitly recognizing that subordinate trees are not
identified.

2.4. Analysis of openings, tree clumping, and tree height patterns

We identified individual TAOs and clumps of TAOs using the
Individuals, Clumps, and Openings (ICO) tree spatial analysis pattern
method (Churchill et al., 2013) adapted for use with airborne lidar data
(Jeronimo et al., 2019; Wiggins et al., 2019). Our algorithms identified
TAOs as members of the same tree clump if a circle centered on the TAO
high point with the same area as the modeled tree crown area touched
or overlapped (Fig. 2). This approach allowed for the distance between
TAO high points to vary based on the morphology of the crown sur-
rounding the high points.

We used canopy area as a surrogate for ecological influence of TAOs
and clumps. In this way, we integrated both the canopy size of trees
within clumps (with taller trees tending to have larger canopy areas)
and the number of trees within clumps in our analysis. Clump size
distributions were reported as the summed canopy areas of TAOs in
clumps of different sizes: individuals, small clumps (2 to 4 TAOs),
medium clumps (5 to 9 TAOs), large clumps (10 to 29 TAOs), and mega



V.R. Kane, et al. Forest Ecology and Management 454 (2019) 117659

» » » » »
o o o o o
£ £ £ £ £

o o o o o
N+S N+5 N_,_% N+g N+%
5 9 4 & o ¥ @ 4 & o ¥ 9 &4 & o 5 9 4 & o ¥ 9 4 & o
U TN U U U
- N O - ® 0O ~ & 10 = ® 0 ~ 1w - ®m®0 - W - ®m®0 «~ & w - mO0
| I I I I | | I N I N | | N I I N | | I I I I I | | I N I I |
100

n

.Q

—

580

=

‘5 60

S

= 40

S

e

=

_@'20

[a)]

0 i
s

c

K]

=

©

N

©

>

2

>

Fig. 2. Visualization of tree approximate object (TAO) clump and opening patterns for 90 m X 90 m areas identified in this study and of the TAO clumping structure
classes identified. The distribution of values for the proportion of canopy area in each clump class is shown in violin plots. Names for each class reflect the dominant
tree clump sizes: open area dominated by individual TAOs, small clumps (2 to 4 TAOs), medium clumps (2 to 4 and 5 to 9 TAOs), large clumps (10 to 29 TAOs), and
mega clumps (=30 TAOs). Classes were defined by the percentage of canopy cover > 2m in each clump size and percentage of open space in each 90 x 90 m grid
cell. Clump size ranges for each violin plot shown above figure. Black lines show the modeled TAO canopy boundaries. Violin plots show the distribution of values for
grid cells in each tree clump size class, with dots depicting the mean value, lines showing the extent of the 25th to 75th percentile range, and width showing the
frequency of values.
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Fig. 3. Visualization of tree approximate object (TAOs) heights for 90 m x 90 m areas identified in this study and of the TAO height structure classes identified. The
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clumps (=30 TAOs). each TAO was assigned the height of the highest point within the TAO.

We similarly aggregated TAO heights by bins and reported the ca- With increasing burn severity, the total canopy area would generally be
nopy area for each height stratum: shortest (dominated by TAOs 2 m to expected to decrease leading to reduced canopy area for each stratum.
8m), short (8 m to 16 m), mid height (16 m to 32m), tall (32m to To normalize for this expected difference in total canopy area, we re-
48 m), and tallest (> 48 m) (Fig. 3). The entire modeled canopy area for port canopy area by stratum as a percentage of total canopy.
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We identified TAOs that were likely to be snags using lidar intensity
values. We identified likely snags as TAOs whose first lidar return mean
intensity value fell in the lower 25% range of mean intensity for all
TAOs. The mean intensity range was scaled to the 1st to 90th percentile
range to exclude abnormally high values. We adopted this heuristic
because there were no concurrent field or aerial orthographic imagery
available to use as training data for snag modeling. Our analysis of
other areas with concurrent imagery (data not shown) and the work of
others (Casas et al., 2016; Wing et al., 2015, Brian Wing personal
communication August 14, 2017) suggests that TAOs with these lower
mean intensities are likely to be snags and therefore not part of the
living overstory. Similarly, work using the normalized difference ve-
getation index (NDVI) from hyperspectral data (which uses the near-
infrared band along with the red band) found that the 20th percentile
break distinguished living and dead canopies (Brodrick and Asner,
2017; Paz-Kagan et al., 2018). We likely only detected TAOs that re-
cently became snags. Snags old enough to have lost most or all their
branches were unlikely to have been identified with the watershed
transformation algorithm we used; these likely would have been iden-
tified as open areas

2.5. Trends in TAO height, tree clump size, and opening area by burn
severity

We calculated tree clump, TAO height, and opening patterns across
the entirety of each study area. Several studies have found that char-
acteristic tree clump and opening patterns emerge at scales of 0.5 to
4 ha (Churchill et al., 2017; Harrod et al., 1999; Larson and Churchill,
2012; Lydersen et al., 2013). We therefore analyzed these patterns at a
90 m? (0.81 ha) scale. We measured the area in each height stratum
using a moving 90 X 90 m window with measurements centered at
30 m spacing to match resolution of the burn severity maps. The use of
an overlapping moving window had the practical effect of smoothing
the measurements of tree clump and opening areas and matched the
smoothing performed on the burn severity data.

We reported as open space any area with no vegetation taller than
2m according to the CHM. Open areas > 9m from any vegetation >
2m in height was identified as a core opening. This represents the
amount of stand area in openings large enough to subside most crown
fires, regenerate shade-intolerant species, and dissipate beetle ag-
gregation pheromones (Churchill et al., 2017). Preliminary analysis
showed that the presence of likely snags strongly reduced the area in
openings and core openings. As these likely snags decay and fall, the
area in openings is likely to increase. We therefore separately report the
area in current openings (that is areas with no canopy > 2m or likely
snags) and as possible future openings by including the area of likely
snags as openings.

For tree clumps, TAOs, and openings on the edge of a 90 X 90 m
analysis area, our algorithm identified whether a clump or opening
extended beyond the focal grid cell. It added to the focal grid cell the
proportion of that clump or opening within the focal cell for the size of
the entire clump or opening. For example, if a clump of eight TAOs was
one-third within a grid cell, we added that one-third of the clump area
to the total area of medium-sized clumps (5 to 9 TAOs) for that grid cell.

We analyzed the distribution of TAO heights, clumps, and openings
within 90 X 90 m analysis windows by burn severity class. We also
report the mean values for these metrics in the reference and control
areas. We compared mean area and distribution of values for openings,
core openings, and snags, along with the canopy area in each tree
clump size class and TAO height class between the reference area, the
control and each classified level of burn severity. Because of our large
sample sizes, all differences in means would be statistically significant.
We instead tested for statistical significance of the cumulative dis-
tribution of values for pairwise comparisons using the Kolmogorov-
Smirnov test (Lilliefors, 1967).

We found that all pairwise distributions were statistically significant
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at the equivalent of p < 0.05 using the Kolomogorov-Smirnov test
(Lilliefors, 1969, 1967). We therefore also used niche overlap analysis
(Broennimann et al., 2012; Mouillot et al., 2005) to examine whether
the distributions were meaningfully different, in addition to sig-
nificantly different, between pairwise distributions for a metric (for
example, percent area in openings; Appendix Fig. A1). Smaller overlaps
indicated that distributions were more distinct between pairwise con-
tributions. We are not aware of a published critical value for a differ-
ence in niche overlap values being meaningfully different. Based on our
use of this analysis from past (for example, North et al., 2017) and
current studies, we selected < 80% niche overlap as signifying
meaningfully different distribution of values between pairwise com-
parisons.

2.6. Structure classes of dominant TAO height and clump size

Forests are often complex assemblages of trees in different heights,
different sized tree clumps, and different amounts of area in openings at
multiple scales. We therefore defined structure classes for both tree
clump size distributions and TAO height distributions to capture these
combinations of features. We used hierarchical clustering with the
Ward.D2 method and the hclust function of the R statistical package (R
Core Team, 2013). Trends in dominant TAO heights were summarized
using the percentage of canopy area in each height strata within our
90 x 90 m analysis windows, while the clumping structure classes were
defined using the percentage of area in different sized tree clumps and
total area in openings with our 90 x 90 m grid cells. We used the same
tree clump size classes and height strata bins used for our analysis of
tree spatial pattern and height analysis (Section 2.4). We used 30,000
random samples from across the control, reference, and burn areas for
the hierarchical clustering, and selected the most parsimonious
grouping of structure classes that retained most of the original in-
formation (McCune and Grace, 2002).

3. Results
3.1. Trends in tree clump size, openings, and tree height with burn severity

The trends for each fire considered separately for openings and
canopy area in different clump sizes were similar with increasing burn
severity (Fig. 4). The absolute means also tended to be similar. For
example, mean area for each fire for openings and snags (possible fu-
ture openings) increased approximately linearly for both fires with in-
creasing categorical burn severity. In some cases, such as current core
openings and possible future openings, the mean values for each burn
severity were nearly identical across fires. In other cases, such as the
mean opening area with burn severity for each fire, the overall trend
was similar, but the values diverged with the Big Meadow fire having
lower mean values for moderate- and high-severity burn patches than
the ARC Fires.

For both fires, the area in openings increased approximately linearly
with increasing burn severity. However, the mean area increases in core
openings was only a few percent above zero. It is likely that core
opening area would increase in future (up to approximately 40% of the
area of high-severity patches) as fire-killed trees fall. The canopy area
for individual trees increased with increased burn severity while the
canopy area for tree clumps larger than five TAOs decreased with in-
creasing burn severity. The canopy area in tree clumps of 2 to 4 TAOs
increased for moderate-severity burns relative to low-severity burns but
decreased for high-severity burns.

Generally, the mean values for openings and canopy area in dif-
ferent TAO clump sizes for each fire fell between the mean values for
each fire’s low- and moderate-severity burn areas although they tended
to be closer to the mean values for moderate-severity burn areas. When
comparing the first-entry burn areas to their control areas, two patterns
emerged. The control area for the Big Meadow Fire had a smaller area
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Fig. 4. Mean area in openings, canopy area in different tree clump sizes (based on number of tree approximate objects (TAOs) per clump), and canopy area in
different height strata of TAOs (lidar-identified overstory trees) among different classified burn severities and control areas relative to reference areas (horizontal
lines) for each study site. Open and core open areas shown both for current conditions and as potential future area by counting area currently classified as likely snags
as potential future open areas. Mean values are shown; pairwise distributions of all values are distinct at the equivalent of p < 0.05 using the Kolmogorov-Smirnov
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relative to the total area in canopy > 2m within each analysis window. Core openings refer to area > 9m from a canopy edge. Appendix Fig. A1 shows a more

detailed version of this data.

in openings, less canopy area in individual TAOs and in clumps of 2 to 4
TAOs, but more canopy area in clumps of 5 and greater TAOs than for
any of the first-entry burn severities. In general, the Big Meadow Fire’s
control area had less area in openings, less canopy area in clumps of 4
or fewer TAOs, and more area in clumps of 5 or greater TAOs than its
reference area. However, the ARC Fires’ control area had greater area in
openings, more canopy area in individual TAOs and clumps of 2 to 4
TAOs, and less canopy area in clumps of 5 and more TAOs than the first-
entry, low-severity burn areas. In general, the ARC Fires’ control area
had values similar to the ARC Fires’ reference areas.

While the patterns in mean area within openings and tree clumps
generally showed clear trends, pairwise niche overlap analysis often
showed > 80% overlap in the distribution of values for area in openings
and core openings and canopy area in different clump sizes between the
control areas, reference areas, low-severity patches, and moderate-se-
verity patches (Appendix A, Fig. A1). This reflects the wide distribution
of values for area in openings and different clump sizes for the reference
areas, control areas, and different first-entry burn severities. The
changes with increasing burn severity, therefore, are best thought of as
shifts in the distributions of values rather than as distinct ranges of
values associated with each burn severity.

The two study areas differed in the distribution of TAO heights and
resulting proportion of the canopy area. The Big Meadow study area
had a larger proportion of canopy area in TAOs > 32m in height than
did the ARC study area, and the ARC study area had a larger proportion
of canopy area in TAOs < 32m. Mean proportional canopy area for
TAOs in all strata > 16 m generally declined for both fires relative to
the control areas and with increasing burn severity. Canopy area for

TAOs 2-8 m showed an increase in proportional canopy area with burn
severity, especially for high burn severity. However, as with openings
niche overlap analysis often showed > 80% overlap for the distribu-
tion of the percentage of canopy area in each height stratum between
the control area, reference area, and different burn severities.

3.2. Clump and height structure classes

We identified five structure classes by dominant clump size and
opening area, and by dominant TAO height strata (Figs. 2 and 3). Ex-
amining patterns of clump size structure classes by burn severity
showed the same general patterns as examination of the mean values
described above with increasing burn severity resulting in a greater
proportion of classes of smaller tree clump sizes (Fig. 5). However, the
classes revealed patterns of structural heterogeneity not apparent from
trends in mean values. While each class had a dominant clump size or
height strata, each also included a range of other clump sizes and TAO
heights showing structural complexity within the scale of our
90 x 90 m analysis windows. In addition, low- and moderate-severity
burn patches were characterized by a mix of several clump size struc-
ture classes indicating greater structural complexity than high-severity
burn patches, which were dominated by the open clump classes. The
ARC Fires’ control area had a greater proportion of area in the small and
medium but a smaller proportion in the large and mega clump structure
classes than did the area of first-entry low-severity burns. The Big
Meadow Fire’s control area, however, had a smaller proportion of area
in the medium but greater proportion in the large and mega clump
structure class than the area of the first-entry low-severity burns.
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Fig. 5. Percentage of area for structure classes defined as the area in openings
and proportion of canopy area in different clump sizes and proportion of ca-
nopy area in tree approximate objects (lidar-identified overstory trees) in dif-
ferent height strata). Characteristics of the classes are shown in Figs. 2 and 3.

For the Big Meadow study area, most of the area was in the mid-
height, tall, and tallest structure classes in the control area, reference
area, and for all burn severities except high severity (Fig. 5). For the
ARC Fires, most of the area was in the short, mid-height, and tall classes
for the control area, reference area, and for all burn severities except
high severity. For both fires, the area in the shortest class was highest in
high severity burn patches.

4. Discussion

We found that a single fire burning at moderate-severity can create
stand structures in fire-suppressed forests that resemble the fire resilient
structures historically created by frequent low- and moderate-severity
fires (Lydersen et al., 2013) or by two or more low- and moderate-
severity contemporary fires (Jeronimo et al., 2019). Moderate-severity
fire appears to create interspersed patterns of openings and tree clumps
by acting in a patchy fashion, removing overstory trees and/or leaving
snags in discrete patches, while leaving a matrix of relatively intact
overstory. For example, we found a substantial increase in open area
with first-entry burn severity without a substantial increase in core
opening area (Fig. 4, Appendix Fig. 1). This is consistent with fire
creating or expanding small openings similar in scale to small tree
clumps, as opposed to removing all trees in larger patches resulting in
large increases in core openings. The resulting small openings often
appear sinuous as opposed to round in visualizations (Figs. 2 and 3).
Further evidence for fire causing mortality in a patchy pattern comes
from the general stability of TAO height distributions between the re-
ference areas and low- and moderate-burn severity patches. This is
consistent with fire leaving or removing entire clumps of overstory
trees; fire alternatively could have thinned overstory trees from below.

Moderate-severity burns best produced this fine-scale texture of
openings and small- to medium-sized clumps for both our study fires
and the reference area. Kane et al. (2014) also saw this pattern across a
number of fires they studied using airborne lidar data in Yosemite
National Park. These similar results suggest this is an underlying prin-
ciple of fire behavior that becomes apparent when spatial patterns
within first-entry burns of small tree clumps and openings are examined
over a sufficiently large enough area. The results of this study suggest
this effect may be relatively independent of management history or
dominant tree size, at least for historically frequent-fire forests fol-
lowing reintroduction of fire after decades of fire suppression.
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While changes in structure generally followed expected directions of
change with increasing burn severity (for example, the area in openings
increasing with burn severity), the large overlap in structure between
the low- and moderate-severity burns, which were both similar to the
reference areas, surprised us. We found this in both the overlapping
frequency of structure classes for these areas (Fig. 5) and in the fre-
quency in which pairwise comparisons showed > 80% niche overlap in
the distribution of values for individual metrics (Appendix, Fig. 1). Put
another way, low- and moderate-severity burns don’t produce distinct
forest structures but differ in the resulting proportion of those struc-
tures (Fig. 5). This implies that even low-severity burns, as well mod-
erate-severity burns, can produce similar forest structure to what is
present in reference areas that have experienced =2 fires. In contrast,
high-severity burn patches were distinct with their predominance of the
open clump structure class.

4.1. Relationship of opening and clumping patterns with burn severity

In forests with intact historical or restored frequent fire regimes,
patterns of individual trees and small tree clumps within a matrix of
open space are common across a wide range of regions including those
of the American southwest (Sanchez Meador et al., 2011; Tuten et al.,
2015), the Sierra Nevada (Lydersen et al., 2013), the inland Pacific
Northwest (Churchill et al., 2013), and the Rocky Mountains (Clyatt
et al., 2016). Churchill et al. (2013) extended the concepts of Plotkin
et al. (2002) to quantify forest spatial patterns based on distributions of
trees among Individuals, tree Clumps, and Openings, or ‘ICO’, metho-
dology (Churchill et al., 2017). We used the methods of Wiggins et al.
(2019) and Jeronimo et al. (2019) to extend the ICO method to measure
overstory tree ICO patterns using airborne lidar. This overcomes a
limitation of previous work where the costs of spatially-explicit tree
mapping in the field limited the extent of the area studied. For example,
the 22 studies included in Larson and Churchill (2012) ranged in total
area from 0.2 ha to 7.3 ha. We used the large area, high-fidelity mea-
surements afforded by airborne lidar to provide lidar-based ICO mea-
surements covering substantial areas of two entire fires, adjacent con-
trol areas that lay outside the fire perimeters, and active-fire reference
areas. Because our clumps include only overstory trees directly visible
to the lidar instrument, the number of trees in our clumps generally will
be lower than those from field-based ICO studies that include over-
topped trees in clump counts. However, our lidar-based ICO methods
provide a way to consistently study large areas for clump and opening
patterns and to compare patterns within and between lidar acquisitions.

Numerous studies have observed that unburned forests in the Sierra
Nevada are overly dense with nearly continuous canopies following
decades of fire exclusion (for example, Fry et al., 2014; Knapp et al.,
2017; Lydersen et al., 2013). Each increase in categorical burn severity
resulted in an approximately linear increase in mean open area with
little to no increase in core gap area for low- and moderate-severity
burns. At the same time, the proportion of area in larger clumps showed
a modest decline. Together these results suggest that for areas that
burned at low- to moderate-severity, patchy removal of trees increased
the area in small gaps resulting in the breakup of larger tree clumps
while creating little new core gap area.

Low- and moderate-severity burns generally produced opening and
clumping patterns similar to or bracketing those of the reference areas
(Fig. 4) with moderate-severity fires generally producing results closer
to the reference areas. Using different datasets (one with lidar and
another with forest inventory data) Kane et al. (2014) and Collins et al.
(2017a) both concluded that moderate severity fires best approximated
forest structure similar to conditions prior to fire suppression. The si-
milarity of reference areas that generally experienced two or more
burns and first-entry low- and moderate-severity burns suggests that
second low- or moderate-severity fires do little to change the opening
and clump patterns created by the first fire. This supports the ob-
servation that historical opening and clump patterns created under
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frequent-fire regimes create forest structures resilient to subsequent
fires (Bigelow et al., 2011; Kennedy and Johnson, 2014; Linn et al.,
2013; Miller and Urban, 2000; Parsons et al., 2017; Rothermel, 1991;
Safford et al., 2012; Stephens et al., 2008; Symons et al., 2008; Ziegler
et al., 2017).

The diversity of clump structure classes associated with the low- and
moderate-severity burn patches (and the references areas, which also
predominately burned at low and moderate severity) reveals the di-
versity of stand structures that can result from lower severity fires
(Fig. 5). Commonly, Landsat-based burn severities in many studies as-
sume low-severity results in a < 25% canopy cover loss, moderate
severity with a 25% to 75% loss, and high severity witha > 75% cover
loss, which is consistent with the increase in openings as burn severity
increased (Fig. 4). However, the low-and moderate-burn severity
classes do not have a single characteristic open and tree clump pattern
but are instead characterized by a diversity of structures (Fig. 5). This
emphasizes the need to consider disturbance-caused changes to forest
spatial structure in addition to broad measures such as canopy cover
when assessing the effects of fire.

Only high-severity burns predominately were associated with a
single clump structure class, the open structure class with large core
openings and TAOs mostly occurring as individuals and in small clumps
of 2 to 4 trees. These core areas create the open light conditions com-
monly needed for pine reproduction (Bigelow et al., 2011; Fowells and
Stark, 1965). However, the high light environment also creates condi-
tions in which dense shrub fields can establish that can crowd out tree
regeneration (Bohlman et al., 2016; Collins and Roller, 2013; McDonald
and Fiddler, 1989; North et al., 2019; Welch et al., 2016) and burn at
high severity in subsequent fires killing any trees that did establish
between fires (Coppoletta et al., 2016). When openings become espe-
cially large, tree regeneration can fail because of the lack of sufficiently
close seed sources (Collins et al., 2017b; Shive et al., 2018; Welch et al.,
2016). The 25th to 75th percentile values for the area in core openings
for high-severity classes ranged from < 50% to > 80% for both fires
(Appendix Fig. 1). This indicates that areas estimated to have experi-
enced high-severity burns from Landsat data can have a wide range of
structural characteristics and corresponding ecological effects following
the fire. Although areas burned at high severity tended to have large
open area (Fig. 4), the range in the amount of core open area found in
this study supports the notion that the distance to nearest live tree and
other factors influencing regeneration potential should be considered in
post-fire management within high severity patches (North et al. 2019).

A series of recent studies in Yosemite National Park related to the
2013 Rim Fire suggest potential mechanisms that could have driven the
observed changes in clump and opening patterns. Cansler et al. (2019)
found that pre-fire, fuel loading spatially varied by an order of mag-
nitude within a 25.6 ha study area, which likely would have led to lo-
calized variations in fire intensity and subsequent patterns of tree
mortality. Jeronimo et al. (personal communication) analyzed tree
mortality using lidar data for the 2013 Rim Fire and found that varia-
tion in burn weather and fuel amounts across the fire provided the basic
template for mortality levels, while fine-scale (< =0.1 ha) horizontal
and vertical canopy continuity accounted for the heterogeneous local
distribution of mortality. An examination of the causes of post-fire
mortality found that mortality of overstory trees was most strongly
associated with interactions between spatially aggregated fire damage,
pre-fire competition, bark beetles, and pathogens (Tucker Furniss,
personal communication). These three studies suggest that mortality is
density-dependent and spatially aggregated, leading to group-scale
mortality and survivorship. That is, density-dependent mortality risk is
shared among all tree at the scale of small clumps. This is consistent
with our finding that, within a burn severity category (which was likely
driven by larger-scale factors), individual and clumped tree mortality
tended to emphasize pre-fire fine-scale patterns for fuels and tree
density and post-fire spatially aggregated mortality agents. These fac-
tors would lead to thinning of stands based on small clumps of
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overstory trees but leaving the TAO height distribution relatively intact
for low- and moderate-severity burns.

4.2. Relationship of TAO height with burn severity

We examined the distribution of TAO heights as burn severity in-
creased to determine whether fire was preferentially removing trees in
specific height strata, especially larger trees that are disproportionally
declining both locally and globally (Lindenmayer et al., 2012; Lutz
et al., 2009; McIntyre et al., 2014). With increasing burn severity, the
mean proportion of canopy from TAOs > 16m generally declined
(Fig. 4), although niche overlap analysis showed considerable overlap
in the ranges of canopy cover by TAO height strata (Appendix Fig. 1).
This trend is partially explained by the increase in the mean proportion
of TAOs in the 2m to 8 m stratum, which we believe may have been
dominated by regeneration following the fires. However, the im-
portance of tall trees as forest structural keystones (Lutz et al., 2012)
makes it important to consider possible ecological causes of the ap-
parent loss of trees in the higher height strata.

The influence of tree size on burn severity provides one possible
explanation for the lower proportion canopy area for larger TAOs with
increasing burn severity. Other studies have noted that fire severity
tends to increase with increased densities of smaller trees (Agee and
Skinner, 2005). The increase in high-severity burns in California (Miller
et al., 2012; Stevens et al., 2017) likely is in part due to the increase in
smaller trees following fire suppression (Collins et al., 2017a; Lydersen
et al., 2013) that lead to larger high-severity burn patches (Mallek et al.,
2013). This observation means that conversely, a higher proportion of
taller TAOs are found in patches of lower burn severity because their
presence makes higher severity burns less likely as they are more re-
sistant to fire. A logical consequence of this is that the higher burn
severity patches may simply have had fewer large TAOs than lower
burn severity patches prior to the fires.

Work by Lydersen et al. (2016), however, suggests that higher burn
severities result in the loss of larger trees. They used pre- and post-fire
field data for the 2013 Rim fire to examine survivorship rates for dif-
ferent tree sizes. Their results showed that larger diameter trees dis-
proportionally died with increasing burn severity. For example, they
found that for low-severity burns, the survival rate for trees 31 cm to
61 cm diameter at breast height (dbh) was 92%, for 61 cm to 91 cm was
97%, and > 91 cm was 79%. Based on allometric equations of dbh to
tree height, the corresponding height ranges for these diameter bins
would be 15m to 30m, 30 m to 43m, and > 43 m. For moderate se-
verity burns, the corresponding percentages for survivorship were 63%,
68%, and 49% and for high-severity burns 4%, 15%, and 0%.

Our study cannot determine whether the lower canopy area in taller
TAOs in high-severity areas is due to a lower incidence of high-severity
fire in areas dominated by taller trees or due to mortality of large trees
given the available data. In addition, a statistical explanation is that as
the canopy area in TAOs 2m to 8 m increases, this will cause a per-
centage decrease in canopy area for all other height strata even if the
absolute number of larger trees remains the same. As wildfires continue
to burn, they are likely to burn networks of previous plots and areas of
lidar coverage. We encourage researchers to use these fires as natural
experiments and use re-measurements to study this issue in future
studies.

4.3. Comparison of clumping patterns

We expected to find differences in the clumping patterns between
the Big Meadow and ARC fires based on the different management
histories of the two areas. As part of Yosemite National Park, the area of
the Big Meadow Fire has been managed as wilderness with no recorded
timber harvests. As a result, the area would be expected to have a
higher proportion of large trees (Collins et al. 2017a), which was sup-
ported by our finding of a much higher proportion of canopy area for
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TAOs > 32m for the Big Meadow study area than for the ARC study
area (Figs. 4 and 5). As a result, the spatial patterns of trees in forests
with these “legacy” trees in Yosemite would likely retain the imprint of
the clump-opening patterns created by the historical frequent fire re-
gime. The area of the ARC Fires, on the other hand, experienced har-
vests, sometimes multiple, followed by natural regeneration and
planting. Both areas experienced over a century of fire suppression,
which resulted in densification of the forest, often by species such as
white fir that are less fire resistant (Fry et al., 2014; Knapp et al., 2017;
Lydersen et al., 2013). We expected the tree clumping patterns to di-
verge with increased burn severity between the two fires given the
greater dominance of shorter TAOs for the ARC Fires than for the Big
Meadow Fire. For a given fire intensity, smaller trees with their thinner
barks and lower canopies should die with a higher frequency than
larger trees. Instead, we found that the opening and clump patterns for
burn severities and references for each fire closely mimicked each other
both in absolute mean values and in trends of change with increasing
burn severity (Fig. 4).

Other studies of frequent fire forests using the ICO method (or si-
milar methods) generally find structures like our reference area and the
low- to moderate-severity fire patches. Lydersen et al. (2013) used
spatially-explicit stem maps for three plots in the Sierra Nevada from
1929, early in the fire suppression era and before harvest, and in 2007/
2008, 78 and 79years after logging. The 1929 stand structures in
Lydersen et al. (2013) resemble those of our restored fire reference
stands in terms of area in openings and core openings, and in the dis-
tribution of trees across a range of clump sizes, while the 2007/2008
patterns resemble the Big Meadow Fire control area but not the ARC
Fires’ control area (see Section 4.4). Churchill et al. (2017) re-
constructed historical ICO patterns for 14 field plots in the historically
fire-frequent Blue Mountains in eastern Oregon, USA. They found much
greater area in core gaps than Lydersen et al. (2013) with values ran-
ging from 15% to 72% and with trees predominately as individuals or in
clumps of < 9 trees (although the dominant tree clump size varied
considerably across plots). Tuten et al. (2015) examined both current
and historical spatial patterns for a ponderosa pine forest in northern
Arizona, USA. They did not report on openings, but they reported that
almost all trees were individuals or in clumps of 2 to 4 trees. Clyatt et al.
(2016) examined historical forest structure in dry mixed-conifer stands
in Montana, USA. They found that a large proportion of their stands
were in openings, but little of the area was in core gaps. No clump size
dominated in their study area. Clyatt et al. (2016) observed that the
differences among these forests are likely driven by the overall stem
densities, which in turn are driven by differences in productivity and
fire frequency. As a result, while tree clump and opening patterns are a
characteristic forest pattern following low- and moderate-severity fires,
regional differences in the expression of those patterns are to be ex-
pected.

4.4. Control and reference areas versus First-entry fire areas

The similarity of opening and TAO clump patterns between the two
first-entry fires and between reference areas despite the elevational
differences suggests fires produce similar clump and opening structures
despite differing management histories and elevation-associated dif-
ferences in climate and topography and associated differences in pro-
ductivity and forest structure (North et al., 2009).

We found that the two control areas had substantially different
distributions of structure. The Big Meadow Fire control area met our
expectation of an area that had not had a fire since 1878. It had a
smaller proportion of area in openings and small clumps than its as-
sociated first-entry low-severity burn (Fig. 5). The pattern was reversed
for the ARC Fires’ control area and associated first-entry low-severity
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burn area. The more open and smaller clump nature of the ARC Fires’
control area relative to its low-severity burn area may reflect both the
greater disparity of elevation between the two compared to the Big
Meadow study area and the ARC Fires’ control area placement around a
ridge.

4.5. Implications for forest managers

Forest managers who want to create more fire-resilient stand
structures in fire-suppressed forests can use our results in several ways.
First, managers can have greater confidence that wildfires allowed to
burn under less-than-extreme weather conditions will produce
clumping structures similar to historical and current reference opening
and tree clump patterns (Jeronimo et al., 2019). Second, managers
using prescribed fire to create tree clump and opening patterns may
want to burn under conditions that could allow for burning with low to
moderate severity since this produces patterns that best resemble our
reference conditions and historical conditions (Collins et al., 2018;
Lydersen et al., 2013). And third, managers using mechanical thinning
to create resilient patterns can use the distribution of tree clump and
opening structure classes identified in our study as a guide (Figs. 2 and
3).

For restoration activities using mechanical thinning, we believe that
our tree clump and opening structure classes are better guides for re-
storation than using mean clump sizes as previous studies have re-
commended (e.g., Churchill et al., 2017) or the mean trends we also
report in our study (Fig. 4). Both mean trends in clump sizes and the
distributions of clump structure classes report similar general trends:
smaller clumps and individuals become more common and the area in
openings increases with increasing burn severity. However, the clump
structure classes emphasize the heterogeneity of structures present
following low- and moderate-severity burns. At the local scale (our
90 m? grid cells), while one clump size may be dominant, clumps of
other sizes are also present (Fig. 2). The small clump class, as an ex-
ample, which is a common structure associated with both low- and
moderate-severity burns (Fig. 5), is characterized by a diversity of
clump sizes at the local scale. At larger scales, managers may want to
produce a spatially dispersed mixture of tree clump and opening pat-
terns corresponding to our medium and small structure classes, which
were all common in reference areas and following single entry low- or
moderate-severity fire (Fig. 5). The unifying theme to both these sug-
gestions for mechanical treatments is that fire produces a range of
structures whether examining the diversity of clump sizes and area in
openings within a structure class, or the diversity of structure classes
associated with a particular burn severity. This gives managers the
ability to use actual forest structures resulting from fires as guides while
working with on-the-ground variations in topography and existing
variations in forest structure.
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Fig. Al. This figure expands upon the information shown in Fig. 4. Area in openings, canopy area in different tree clump sizes (based on number of tree approximate
objects (TAOs) per clump), and canopy area in different height strata of TAOs (lidar-identified overstory trees) among different classified burn severities and control
areas relative to reference areas (horizontal lines). Open and core open areas shown both for current conditions and as potential future area by counting area
currently classified as likely snags as potential future open areas. Pairwise distributions of all values are distinct at the equivalent of p < 0.05 using the Kolmogorov-
Smirnov test. Letters below plots show differences in pairwise comparisons are based on niche overlap analysis with a < 80% overlap indicating a likely ecologically
meaningful difference in distributions of values. Violin plots show the distribution of values within each height with lines showing the extent of the 25th to 75th
percentile range and width showing the frequency of values. Percent area of openings and snags are relative to the total area of each 90 x 90 m grid cell, while
percent area for tree clump and TAOs by height strata are relative to the total area in canopy > 2 m within each 90 X 90 m grid cell.

Appendix B. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.foreco.2019.117659.
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