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Abstract

Increasing wildfire activity has spurred ecological resilience-based manage-
ment that aims to reduce the vulnerability of forest stands to wildfire by reduc-
ing the probability of crown fire. Targeted grazing is increasingly being used to
build forest resilience to wildfire, either on its own or in combination with
treatments such as mechanical thinning; however, it is unclear how effective
this method is at altering the probability of crown fire in forest stands. We use
crown fire simulation models to quantify to what extent targeted grazing,
mechanical thinning targeting the vertical fuel stratum, and a combination of
both treatments alter eastern ponderosa pine savanna stand resilience to wild-
fire by modeling their relative impacts on the fuel stratum gap and subsequent
crown fire occurrence under six different wildfire risk scenarios generated by
altering wind and fuel moisture conditions. We then model changes in the
probability of crown fire occurrence resulting from treatments across 75 field-
sampled sites in the Pine Ridge region of Nebraska relative to predicted crown
fire occurrence when sites are left untreated. We find that mechanical (verti-
cal) thinning has the potential to alter the probability of crown fire in
ponderosa pine stands to a much greater extent than targeted grazing. Com-
bining both approaches had a slightly higher probability of reducing crown fire
risk across the greatest range of wildfire risk scenarios. Across 75 sample sites,
targeted grazing was only predicted to prevent crown fire occurrence at two
sites expected to experience crown fire under observed stand conditions across
all six of our wildfire risk scenarios. In contrast, targeted grazing combined
with mechanical thinning was predicted to prevent crown fire at approxi-
mately half of the sites expected to experience crown fire under observed con-
ditions for mild and moderate wildfire risk scenarios. Thus, targeted grazing
should be combined with mechanical thinning to best enhance forest resil-
ience to wildfire. No combination of targeted grazing or mechanical thinning
was able to alter the probability of crown fire under wildfire risk scenarios
most conducive to wildfire, confirming that relying solely on vertical thinning
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and targeted grazing is unlikely to sufficiently enhance resilience of forest
stands to future wildfire conditions.
KEYWORDS
agroforestry, fuel management, fuel stratum gap, mechanical thinning, prescribed fire,
pruning, resilience, targeted grazing, vertical thinning, wildfire

INTRODUCTION scorching the lower limbs of trees, thereby increasing the

Wildfire has been increasing across many regions of
North America, leading to growing concern over the loss
of ecosystem resources, human infrastructure, and lives
(Busenberg, 2004; Dennison et al., 2014). The United
States has appropriated billions of dollars for fuel man-
agement to enhance ecosystem resilience (the amount of
disturbance a system can endure before transitioning to
an alternative ecological regime or state; Holling, 1973)
to wildfires (Bracmort, 2013). Increasing wildfire across
rangelands and forests (Dennison et al., 2014; Donovan
et al.,, 2017) has led to increasingly integrated manage-
ment approaches. Two of the most used approaches are
mechanical thinning and targeted grazing. Mechanical
thinning can use a combination of methods, such as tree
pruning and the removal of mature and small-diameter
trees, to alter forest structure. Targeted grazing, a com-
mon practice in range management (Twidwell
et al., 2013), is also applied in savanna and forest ecosys-
tem management to help control surface fuel load and
reduce the probability of crown fire (Brantly, 2014; Jain
et al., 2012; Taylor Jr, 2006; Twidwell et al., 2013). Graz-
ing is a primary focus in many regions because it is
thought to achieve multiple economic objectives with a
single management approach (cattle production and
wildfire control; Gold & Hanover, 1987). However, the
relative and integrated impacts of targeted grazing on
enhancing savanna and forest resilience to wildfire are
not well understood.

When fire shifts from surface to crown fire, it can lead
to extensive stand mortality that can drive a transition to
an alternative ecological state (Miller et al., 2019; Odion
et al., 2010). Forest management has focused a great deal
of effort on decreasing the probability of crown fire to
boost stand resilience to wildfire by manipulating stand
fuel structure (Lindenmayer et al., 2006). Historically in
ponderosa pine (Pinus ponderosa) forests and savannas
for instance, frequent low-severity surface fires promoted
forest stand resilience to wildfire through altering stand
structure both horizontally and vertically. Vertical alter-
ation of fuels reduced the probability of crown fire by
reducing surface and ladder fuels that promote fire
spread from the ground into the tree crown and

fuel stratum gap (the distance between surface and can-
opy fuels; Covington & Moore, 1994a, 1994b; Brown &
Sieg, 1999). Horizontal alteration of fuels made stands
less conducive to crown fire spread by killing individual
trees within a stand that generated a more open stand
structure (Brown & Sieg, 1999, Covington & Moore,
1994a, 1994b). The buildup of fuels resulting from the
loss of this feedback with fire makes contemporary for-
ests and savannas more susceptible to crown fire occur-
rence and spread and thus less resilient to wildfire
(Dodge, 1972; Seidl et al., 2016).

Targeted grazing and mechanical thinning targeting
vertical fuel distribution (hereafter referred to as mechan-
ical thinning) alter the fuel stratum gap in different ways
to reduce the probability of crown fire. Mechanical thin-
ning alters the upper end of the fuel stratum gap by
removing lower branches of trees using tree pruning and
the lower end of the fuel stratum gap through the
removal of ladder fuels such as small-diameter trees and
shrubs that fall in the surface fuel layer (Agee & Skin-
ner, 2005; Graham et al., 2004; Keeley et al., 2009). In
contrast, targeted grazing alters surface fuel height by
reducing herbaceous fuels and other understory vegeta-
tion. It is increasingly being used to control the height
and load of live surface fuels to decrease the likelihood of
fire spread from the surface into the tree crown (Gold &
Hanover, 1987; Jain et al., 2012; Taylor Jr, 2006) and is of
particular interest in forest-grassland ecotonal regions,
where economic, ecological, and social objectives for
grasslands and forests intersect. Targeted grazing has also
been suggested as a more favorable option for controlling
wildfire risk in the wildland-urban interface compared
with mechanical thinning, herbicide use, or prescribed
fire due to public perceptions of such treatments (Taylor
Jr, 2006). While prescribed fire can be used as an alterna-
tive or supplemental technique to both these practices, a
lack of cultural acceptance surrounding risk-benefit
trade-offs means that it is generally underutilized
(Kolden, 2019; McWethy et al., 2019).

In this paper, we determine the potential for targeted
grazing and mechanical thinning to alter the probability
and occurrence of crown fire within a forest stand
through alteration of the vertical fuel stratum gap using
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the Pine Ridge region of Nebraska as a model system.
Using on-the-ground data from a forest inventory and
timber analysis across 75 sites in the Pine Ridge in combi-
nation with crown fire modeling software, we compare
changes in crown fire probability and predicted occur-
rence in forest stands following (1) targeted grazing, (2)
mechanical thinning, and (3) the combination of targeted
grazing and mechanical thinning. We define mechanical
thinning as crown pruning and seedling (trees <1.4 m in
height) removal. We employed crown fire simulation
using the Crown Fire Initiation Spread (CFIS) System
(Cruz et al., 2004, 2005), which models crown fire initia-
tion, occurrence, and rate of spread at the forest stand
level to simulate the impacts of each management sce-
nario. To assess under what context management scenar-
ios would impact wildfire probability and occurrence, we
use a bounded range of variation (BRV) framework
(Moritz et al., 2013) to generate six wildfire risk scenarios
that ranged from very low to extreme risk represented by
varying wind speeds and fuel moisture contents.

METHODS
Study site
The Pine Ridge is a ~200,000-ha semiarid escarpment in

northwest Nebraska typified by rocky ridges and steep
canyons, with a mean elevation of ~1000 m. It is an

(@

ecotonal region of ponderosa pine forest interspersed
with mixed-grass prairie (Schneider et al., 2011). The
average annual rainfall is 43 cm (Schneider et al., 2011).
The mean annual temperature is 16.3°C, while the
annual low is 1°C (Schneider et al., 2011). Forests are
dominated by ponderosa pine, although species such as
American elm (Ulmus americana), box elder (Acer
negundo), green ash (Fraxinus pennsylvanica), Rocky
Mountain juniper (Juniperus scopulorum), and eastern
red cedar (Juniperus virginiana) are also present in some
locations (Donovan et al., 2019; Roberts et al., 2019). For-
est understories are generally herbaceous (Figure 1).
Common species in the herbaceous layer include little
bluestem (Schizachyrium scoparium), needle-and-thread
grass (Hesperostipa comata), western wheatgrass (Elymus
smithii), blue grama (Bouteloua gracilis), and threadleaf
sedge (Carex filifolia), as well as invasive species such as
Kentucky bluegrass (Poa pratensis) and cheatgrass
(Bromus tectorum) (Donovan et al., 2021). Eastern
ponderosa pine forests such as the Pine Ridge historically
experienced frequent fires, likely of low or mixed sever-
ity, that created sparse ponderosa pine with heterogenous
structure (Brown & Sieg, 1999; Roberts et al., 2020). Pre-
settlement fire return interval is estimated to have been
between 6 and 12 years (Guyette et al., 2012). Active fire
suppression has resulted in increasingly dense ponderosa
pine stands over the last century. Multiple large, mixed-
severity fires have burned through the Pine Ridge region
in recent years (MTBS Project, 2019; Roberts et al., 2020).

FIGURE 1 Example of (a) the forest landscape and (b) understory structure of eastern ponderosa pine forests found in the Pine Ridge

region of Nebraska
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Following several consecutive large, mixed-severity
fires in the early 2000s, fuel reduction treatments aimed
at preventing high-severity wildfire have been
implemented in the Pine Ridge by several organizations.
The Nebraska Forest Service offers fuel reduction cost
share to mechanically thin forests and remove ladder
fuels (ground vegetation that creates continuity between
surface fuels and tree crowns that allows fire to spread
into the crown) in unburnt or burnt forests (Nebraska
Forest Service, 2019; Nebraska Wildfire Control Act,
2013). The US Forest Service approved the implementa-
tion of mechanical treatments and targeted grazing in the
burn area of the West Ash Fire of 2012 with the purpose
of treating fuels to reduce wildfire hazards. The USDA
Natural Resource Conservation Service and Nebraska
Environmental Trust also manage and fund fuel reduc-
tion projects across the region. Grazing management via
the US Forest Service allotment system is ongoing, and
was occurring when sites were sampled during this study
(2017; USDA Forest Service, 2019).

Estimating potential management
outcomes in the Pine Ridge

We simulated management outcomes in eastern
ponderosa pine landscapes based on stand structural con-
ditions in the Pine Ridge of western Nebraska. To deter-
mine stand structural conditions, we used stand
structural data collected across 75 sites during a 2017 for-
est resource inventory (Appendix S1: Figure S1; Renew-
able Resource Solutions LLC, 2018, available on request
from the Nebraska Forest Service, University of
Nebraska, Lincoln, NE). At each site, 15 plots with a
radius of 3.5 m were installed in a 5-by-3 plot configura-
tion (Appendix S1: Figure S1). Each plot within a cluster
was spaced four chains (80.4 m) apart longitudinally, and
six chains (120.6 m) apart latitudinally. Sample site distri-
bution was focused on representing current forest stand

conditions across the Pine Ridge. Sites were randomly
selected across forested areas with adequate road access
within the >200,000-ha region in both public and private
lands where permission was granted. Sampling aimed to
avoid burned areas; however, evidence of recent burning
was recorded at three plots. Evidence of stand and crown
thinning was recorded within at least one plot within 22
sample sites. Sporadic grazing occurred across the Pine
Ridge at the time of sampling; however, the land was
managed by private landowners, as well as state and fed-
eral agencies, meaning that grazing practices were not
consistent across sample sites. Thus, field measures
encompassed a wide range of stand conditions.

At each plot within each site, the basal area was mea-
sured using a prism with a basal area factor of 10. Live
trees within each plot were counted, and tree diameter at
breast height (dbh) and tree height were measured for
each tree to determine stand height and density. Density
was calculated for trees >11.4 cm dbh and large saplings
>5 cm dbh. All conifer seedlings (designated as anything
<14 m in height), regardless of species, were recorded
and measured in height to the nearest 0.3 m (1 foot)
within a 2-m radius around the center of each plot. The
height of herbaceous vegetation was measured at the cen-
ter of each plot to the nearest 0.3 m (1 foot). Detailed
descriptions of sampling can be found in Renewable
Resource Solutions, LLC (2018). Because fuel models
assume homogenous stand conditions, we averaged plot-
based measurements collected in the inventory to get a
single measure per site (n = 75) that we used to represent
the conditions of the forest stand (Appendix S1:
Figure S2). These values were input into a Canopy Fuel
Stratum Characteristics Calculator (Cruz et al., 2003) to
generate stand-level estimates input into fire models
(canopy base height and canopy bulk density). We also
calculated the average stand conditions across sites to
represent a typical stand in the Pine Ridge (Table 1).

The potential impact of targeted grazing on the fuel
stratum gap was simulated by altering herbaceous fuel

TABLE 1 Mean, minimum, and maximum stand metrics recorded across 75 sample sites in the Pine Ridge region of Nebraska

Stand metric Mean + SE
Canopy base height (m) 5.28 £ 0.16
Canopy bulk density (kg/m?®) 0.09 £ 0.006
Diameter at breast height (cm) 33.32 £ 0.48
Basal area (m*/ha) 11.21 + 0.61
Stand tree height (m) 11.70 £ 0.38
Herbaceous height (m) 0.58 + 0.02
Seedling height (m) 0.43 + 0.04
Fuel stratum gap (m) 4.38 + 0.16

Minimum Maximum
0.41 8.93
<0.01 0.24
23.14 43.26
0.61 22.96
0.62 20.86
0.26 0.93
0.30 1.12
0 8.03
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heights and seedling heights recorded at each site in the
Pine Ridge. Our simulations were based on grazing by
cattle, the primary livestock in the study region. In addi-
tion to herbaceous vegetation, high-intensity cattle graz-
ing has been shown to largely reduce tree seedlings
(Vandenberghe et al., 2007, Zimmerman & Neu-
enschwander, 1984). Because cattle do not target canopy
fuels in ponderosa pine, we held canopy base height (the
distance from the ground to the tree crown) constant.

We simulated mechanical thinning on the fuel stra-
tum gap through the manipulation of both seedling
height and canopy base height. Mechanical thinning in
our study was modeled as crown pruning, used to remove
lower branches of trees, and the removal of seedlings
from the understory, which can act as ladder fuels (Fig-
ure 2). Thus, mechanical thinning had the potential to
alter the fuel stratum gap through manipulation of both
canopy and surface fuels (Figure 2). The maximum
potential impact of mechanical thinning on canopy fuel
reduction was estimated as a canopy base height of two
thirds of tree height. Two thirds of tree height is the esti-
mated maximum amount of canopy that can be removed
from the tree crown before causing tree shock
(Emmingham & Elwood, 1983). Assuming seedlings were
removed during the thinning process, we then subtracted
herbaceous height from this value to determine the post-
thinning fuel stratum gap (Figure 2).

Crown fire simulations

We used the CFIS System to predict the probability of
crown fire across a range of wildfire risk scenarios rela-
tive to different management scenarios (Cruz et al., 2004,
2005). The system uses a logistic model developed by
Cruz et al. (2004) to predict crown fire probability using
10-m open wind speed (the wind speed 10 m above the

Control

top of the tree canopy), fuel stratum gap, estimated mois-
ture content in fine dead fuels (estimated fine fuel mois-
ture [EFFM]), and an estimate of surface fuel
consumption ranging from <1 to >2 kg/m?. CFIS outputs
the probability of crown fire occurrence (Perownfire) in @
forest stand. To distinguish crown fire from surface fire,
CFIS uses a threshold in the probability of crown fire at
0.5. If perownfire Value is <0.5, then surface fire is expected.
If perownfire Value is >0.5, then crown fire behavior is
expected. CFIS also calculates whether a crown fire is
active or passive (following Cruz et al., 2005). Passive
crown fire occurs when surface fire intensity is great
enough to ignite the crown of a tree, but wind speed is
not sufficient to support the propagation of crown fire
from tree to tree. Active crown fire occurs when crown
fire advances from tree to tree through surface and crown
fire that are dependent on one another. These calcula-
tions integrate 10-m open wind speed, estimated fine fuel
moisture content, and canopy bulk density to predict the
active fire rate of spread. CFIS predicts active crown fire
if the predicted spread rate is greater than the critical
spread rate for active crown fire (Scott, 2006). Like other
fire models, CFIS assumes homogenous stand conditions,
so we used average stand conditions for model calcula-
tions and inputs (Alexander & Cruz, 2013; Cruz
et al., 2003, 2004).

Wildfire risk scenarios

We created six wildfire risk scenarios based on the envi-
ronmental inputs needed for CFIS simulations (wind
speed and EFFM) to reflect the potential range of condi-
tions that could occur in the Pine Ridge using a BRV
framework, meant to assess boundaries corresponding to
plausible upper and lower scenarios of change given the
uncertainty of future conditions (Moritz et al., 2013). The

Management Scenarios

(a) Observed
Conditions

(b) Targeted
Grazing

(c) Thinning

(d) Targeted
Grazing + Thinning

FIGURE 2 Diagrams of stand structural characteristics under (a) observed stand conditions (recorded conditions in the Pine Ridge, i.e.,
control) compared with three management scenarios: (b) targeted grazing, (c) thinning, and (d) targeted grazing combined with thinning
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very low wildfire risk scenario was created to represent
the least fire-conducive conditions possible, with mini-
mum wind speed and very high fuel moisture (Table 2).
Additional scenarios were built off this environmental
scenario to create conditions that were increasingly more
conducive to crown fire. The extreme wildfire risk sce-
nario was created to represent the most fire-conducive
conditions possible, using a high wind gust speed
recorded in western Nebraska (77 km/h) and the mini-
mum fuel moisture content possible in CFIS (2%), which
falls within the lower range of fuel moisture contents
recorded in the Pine Ridge (Abatzoglou, 2013; https://
www.climatologylab.org/gridmet.html). Surface fuel con-
sumption was held constant across all wildfire risk sce-
narios and treatment types at <1 kg/m?, as this aligned
with fuel consumption measured in other pine-grassland
communities (Sparks et al., 2002).

Management potential to alter crown
fire risk

We modeled a continuous range of fuel stratum gap sizes
using the BRV framework to determine the potential for
crown fire probability to be altered under different fuel
management treatment types and wildfire risk scenarios.
The maximum fuel stratum gap that can be modeled with
CFIS is 12 m, which fits within the range of potential fuel
stratum gaps possible in the Pine Ridge based on tree
heights and the assumption that trees would survive with
a crown that has two thirds of tree height removed
(Emmingham & Elwood, 1983; Table 1). The lower limit
was set to zero, the minimum fuel stratum gap recorded
in the Pine Ridge. The potential influence of each treat-
ment on the fuel stratum gap was used as the estimated
range under which management could alter the probabil-
ity of crown fire risk.

TABLE 2 Wildfire risk scenario input into models to assess
changes in the probability of crown fire across different
management scenarios

Wildfire  Wind Estimated fine  Surface fuel
risk speed fuel consumption
scenario (km/h) moisture (%) (kg/m?)

Very low 0.1 20 <1

Low 9 17 <1

Mild 18 15 <1

Moderate 26 12 <1

High 35 9 <1

Extreme 77 2 <1

We estimated potential grazing impact on the fuel stra-
tum gap and the subsequent probability of crown fire using
the average herbaceous height measured across the Pine
Ridge (Table 1). Because grazing occurred sporadically across
the Pine Ridge during sampling, we used the average value
to represent the typical impact of grazing in the region (Fig-
ure 2). Targeted grazing can also reduce seedlings. However,
because the average seedling height was lower than average
herbaceous height across the Pine Ridge, average herbaceous
height was used to set the potential distance over which
targeted grazing could alter the fuel stratum gap.

We estimated the potential impacts of mechanical thin-
ning (crown pruning and seedling removal) using average
canopy base height measured across the Pine Ridge.
Understories in the Pine Ridge are predominantly herba-
ceous (Figure 1). Because herbaceous fuels were taller than
seedlings on average, the influence of mechanical thinning
on surface fuels was negligible. The maximum potential
impact of mechanical thinning on canopy base height was
estimated as two thirds of the average tree height in the
Pine Ridge. Two thirds of tree height is the estimated max-
imum canopy base height for a tree before causing tree
shock (Emmingham & Elwood, 1983). We then subtracted
the mean herbaceous height from this value to determine
the fuel stratum gap (Figure 2).

Stand-level impacts of management on
crown fire risk

We simulated management outcomes in eastern
ponderosa landscapes at the stand level across our 75
sample sites in the Pine Ridge. Average stand height,
basal area, and density were used to calculate canopy
base height and canopy bulk density with the Canopy
Fuel Stratum Characteristics Calculator (Alexander &
Cruz, 2010) using regression equations developed by
Cruz et al. (2003). We combined canopy base height cal-
culated for each site with measured herbaceous and seed-
ling heights from stand data to determine the fuel
stratum gap based on four scenarios: observed conditions
(recorded conditions in the Pine Ridge, i.e., the control),
targeted grazing, mechanical thinning, and targeted graz-
ing combined with mechanical thinning (Figure 2).

To determine the fuel stratum gap under observed
conditions, we calculated surface fuel height by compar-
ing average stand herbaceous fuel height and average
stand seedling height at each site. We selected whichever
was highest as the surface fuel height and subtracted that
value from the calculated canopy base height for each
stand to determine the fuel stratum gap.

To simulate the effects of targeted grazing, we used
the minimum average herbaceous height found across
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the Pine Ridge sampling sites as the herbaceous height
for all targeted grazing simulations. Because cattle graz-
ing was occurring under different strategies at the time
field measurements were taken, we assumed the mini-
mum value represented the maximum potential ability of
grazers to influence herbaceous height in the Pine Ridge
region. Because seedlings can be largely reduced follow-
ing high-intensity grazing (Vandenberghe et al., 2007;
Zimmerman & Neuenschwander, 1984), we assumed
they would not have escaped browsing. The minimum
recorded herbaceous height was subtracted from the can-
opy base height recorded at each site to determine the
fuel stratum gap that would exist under targeted grazing.

To simulate crown fire probability following mechani-
cal thinning, we used mean herbaceous fuel height calcu-
lated for each site to set the surface fuel height, as
seedlings would likely be damaged or removed as ladder
fuels during thinning application in mechanical treat-
ments (Fulé et al.,, 2002; Graham et al., 2004; Keeley
et al., 2009). We set the canopy base height that could be
created by mechanical thinning to two thirds of the
recorded average tree height at each site (Emmingham &
Elwood, 1983). We then subtracted the mean herbaceous
height from the estimated canopy base height created by
mechanical thinning at each site to determine the poten-
tial fuel stratum gap.

To calculate the combined impacts of mechanical thin-
ning and targeted grazing, we subtracted the minimum
herbaceous height recorded in the Pine Ridge (estimated
to be the minimum height created by targeted grazing in
the Pine Ridge) from the estimated canopy base height cal-
culated in the mechanical thinning scenarios.

For each management scenario (observed conditions,
targeted grazing, mechanical thinning, and targeted
grazing + mechanical thinning), the calculated fuel stra-
tum gap and canopy bulk density for each site were run
in CFIS under each of our six environmental scenarios.
In each case, we calculated whether fire was surface fire,
passive crown fire, or active crown fire. We used general-
ized linear models with a binomial family to assess the
impact of each treatment on the probability of crown fire
occurrence. Statistical assessments were completed in R
statistical software (R Core Team, 2021).

RESULTS

Management potential to alter crown
fire risk

Observed stand structures varied greatly across the Pine
Ridge (Table 1), with stand fuel stratum gaps ranging
from O to 8 m (Table 1). Simulated targeted grazing was

able to alter the fuel stratum gap an average of
0.58 m + 0.02 SE (Table 1, Figure 3), with a maximum
potential of up to 1.12 m based on maximum recorded
seedling heights across stands (Table 1). This aligns with
only slight changes in the probability of crown fire fol-
lowing targeted grazing under crown fire simulations
(Figure 4a). Mechanical thinning altered the fuel stratum
gap by an average of 7.32 m + 0.24 SE (Figure 3), with a
maximum potential of 13.22 m based on stand heights
(Table 1). Based on crown fire simulations, thinning the
vertical fuel stratum has a large potential to alter the
probability of crown fire, particularly under mild and
moderate fire risk conditions (Figure 4b). Combining
thinning treatments and targeted grazing had the greatest
potential to impact crown fire probability in the Pine
Ridge by altering both surface and canopy fuels to
increase the fuel stratum gap to an average of 7.49 £ 25
SE, with a maximum potential of 13.60 m (Figures 3
and 4c¢).

Stand-level impacts of management on
crown fire risk

The effect of simulated management on crown fire occur-
rence across the Pine Ridge was negligible under all wild-
fire risk scenarios except the mild and moderate
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FIGURE 3 Potential for targeted grazing, thinning, and the
combination of both mechanical thinning and targeted grazing to
alter the fuel stratum gap in the Pine Ridge region of Nebraska
based on average stand conditions across 75 sample sites. Error bars
represent standard error
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FIGURE 4 Ability of (a) targeted grazing, (b) thinning, and (c) targeted grazing combined with thinning to alter the probability of
crown fire in the Pine Ridge across six wildfire risk scenarios, ranging from very-low-risk conditions for wildfire to extreme risk conditions
for wildfire. Shaded sections represent the typical range under which each management type has the potential to alter the probability of
crown fire, starting at a 4-m fuel stratum gap, the average fuel stratum gap in the Pine Ridge. Blue arrows emphasize the directionality of the
change in the probability of crown fire with management application

scenarios (Figure 5). Under the observed stand conditions current stands are largely resilient to crown fire under
in the Pine Ridge, no sites will experience crown fire more mild wildfire risk scenarios; only 5 of the 75 sites
under very low and low wildfire risk scenarios. Similarly, assessed were predicted to experience passive crown fire
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FIGURE 5 Percentage of sites (n = 75) predicted to experience surface (blue), passive crown (yellow), and active crown (red) fire in the
eastern ponderosa pine forests in the Pine Ridge of Nebraska under different wildfire risk scenarios (very low-extreme). Plots show the

percent of sites that would burn under (a) observed stand conditions (recorded stand conditions in the Pine Ridge, i.e., control) in
comparison with scenarios where (b) targeted grazing, (c) thinning, and (d) targeted grazing combined with thinning were simulated

(Figure 5a). The fuel stratum gap was extremely low at
these sites (<2 m). However, under the moderate wildfire
risk scenario, all sites were predicted to experience pas-
sive crown fire except one (Figure 5a). This site had the
highest recorded canopy base height (8.93 m) and fuel
stratum gap (8.25 m) across all measured sites. No sites,
regardless of the fuel stratum gap, were predicted to
escape crown fire under high and extreme wildfire risk
scenarios when sites were untreated (Figure 5a).

Targeted grazing alone had little impact on the proba-
bility of crown fire due to low canopy base heights in the
Pine Ridge (Figure 5a). Targeted grazing was only
predicted to influence crown fire occurrence under the
mild wildfire risk scenario, though this was not signifi-
cantly different from crown fire occurrence under
observed conditions (estimate = —0.30, SE = 0.78,

= 0.70). Under the mild wildfire risk scenario, two of
the five sites that experienced passive crown fire under
observed stand conditions were predicted to experience
surface fire when targeted grazing was applied
(Figure 5a,b). The two sites where targeted grazing was
predicted to be effective had the highest relative mean

canopy base height (2.60 m + 0.01 SE) and mean fuel
stratum gap (1.71 m =+ 0.18 SE) of these five sites under
observed stand conditions. Sites where targeted grazing
was not effective at eliminating passive crown fire under
the mild wildfire risk scenario had the lowest canopy
base height and fuel stratum gap of all 75 sites measured
(mean canopy base height = 1.44 £+ 0.54 SE and mean
fuel stratum gap = 0.86 £ 0.62 SE). Implementing
targeted grazing had no influence on the occurrence of
crown fire under simulated moderate, high, and extreme
wildfire risk scenarios at any site (Figure 5a,b).
Mechanical thinning was more effective at reducing
crown fire under mild and moderate wildfire risk scenar-
ios compared with targeted grazing, though this was only
significant under the moderate wildfire risk scenario
(mild wildfire risk: estimate = —4.19, SE = 0.92,
p = 0.97; moderate wildfire risk: estimate = —4.00,
SE = 1.03, p <0.01). Under the mild wildfire risk sce-
nario, three of the five sites that experienced passive
crown fire under observed stand conditions were
predicted to experience surface fire when mechanical
thinning was applied. The two sites where crown fire was
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predicted following thinning under the mild wildfire risk
scenario were young stands, with average stand heights
of 1 and 4 m. Unlike targeted grazing, under the moder-
ate wildfire risk scenario, thinning treatments were
predicted to significantly decrease the probability of
crown fire (estimate = —4.01, SE = 1.03, p <0.01).
Mechanical thinning treatments were able to shift 41% of
sites that would experience crown fire without manage-
ment intervention to surface fire. However, thinning was
unable to alter predicted crown fire occurrence under the
conditions most conducive to fire (high and extreme
wildfire risk scenarios; Figure 5a,c).

Combining mechanical thinning and targeted grazing
had the greatest impact on crown fire occurrence over
either treatment alone in the Pine Ridge—but only by a
small margin. The probability of crown fire was similar
across sites that were treated with just thinning and those
that combined targeted grazing and thinning manage-
ment. Combining treatments shifted 44% of sites that
experienced passive crown fire under observed stand con-
ditions to surface fire under the moderate wildfire risk
scenario, as compared to the 41% of sites under mechani-
cal thinning treatments alone (Figure 5). However, these
differences were not statistically significant (esti-
mate = 0.11, SE = 0.32, p = 0.98).

DISCUSSION

Targeted grazing had a limited impact overall on the
probability of crown fire in the Pine Ridge when used
independently. While targeted grazing can hinder the
ability of a forest to sustain surface fire (Zimmerman &
Neuenschwander, 1984), we found that the ability of
targeted grazing to directly hinder crown fire occurrence
is limited because of the narrow contribution of surface
fuels to the size of the fuel stratum gap relative to canopy
base height. In contrast, we found that stand thinning
treatments that increased fuel stratum gap by removing
smaller trees and increasing canopy base height can hin-
der the ability of fire to spread from surface fuels into the
tree crown under mild and moderate wildfire risk condi-
tions. These results align with studies that have shown
thinning can greatly reduce the severity of wildfire and
crown fire occurrence (Lydersen et al., 2017; Pollet &
Omi, 2002). While combining thinning with targeted
grazing yielded the best results for improving stand resil-
ience to wildfire in the Pine Ridge region, differences
were not significant, only changing the probability of
crown fire for a few stands.

Numerous studies have demonstrated the benefits of
targeted grazing for wildfire management in rangelands.
Herbaceous fuels have high potential reaction intensity

and can support some of the highest rates of spread
across fuel types (Rothermel, 1972). A study in the Great
Basin demonstrated targeted grazing’s ability to decrease
flame lengths and rates of surface fire spread (Diamond
et al., 2010). In the Pine Ridge, targeted grazing by cattle
may provide a number of benefits tied to surface fire sup-
pression potential and decreasing the probability of sur-
face fire spread to forest areas less resilient to fire (factors
not modeled in this study). However, there were only a
few sites in the Pine Ridge with a small enough fuel stra-
tum gap where grazing could impact the probability of
crown fire. For targeted grazing to impact crown fire
occurrence, sites needed to have a low enough canopy
base height to be conducive to crown fire under the mild
wildfire risk scenario, but a high enough canopy base
height that the alteration of herbaceous fuel height would
impact the fuel stratum gap. Thus, targeted grazing used
independently is only effective at hindering crown fire
occurrence in stands with relatively low canopy base
height, high herbaceous fuel heights, and mild wildfire
risk conditions. This practice needs to be applied under a
very specific range of stand conditions to have an impact
on forest stand resilience to crown fire. Altering stand
structure through thinning has a much higher probability
of affecting crown fire occurrence than targeted grazing.
No combination of stand management assessed in our
study was able to alter the probability of crown fire under
the conditions most conducive to wildfire. When wind
speeds exceeded 26 km/h and EFFM was lower than
12%, crown fire was predicted to occur at all sites in the
Pine Ridge, regardless of treatment type. These more
severe wind speeds and lower EFFM are tied to high
wildfire risk and are often the target for management
treatments. Thus, stand-based management practices that
targeted vertical fuel thinning are unlikely to be effective
at reducing crown fire extent on their own under high
wildfire risk conditions. Alternative management tactics
can be adapted to promote forest stand resilience by
reducing the probability of active crown fire within and
among stands, particularly with changing global condi-
tions and climate. Integrating concepts tied to spatial
resilience (the contribution of spatial attributes to ecolog-
ical resilience of a system; Allen et al., 2016) may provide
opportunities to reduce crown fire over greater areas
under more severe conditions by promoting stand struc-
tural mosaics similar to those that existed prior to wide-
spread fire suppression (Larson & Churchill, 2012).
Historically, mixed-severity fire would have impacted
both horizontal and vertical fuel distribution across a
range of scales, creating more heterogenous and discon-
tinuous landscape structures that not only hindered
crown fire initiation but also prevented the spread of
active crown fire across larger scales (Baker, 2009; Odion
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et al., 2010; Spies et al., 2006; Williams & Baker, 2012).
This heterogeneity is lost when wildfire is excluded from
landscapes (Steel et al., 2018; Stevens et al., 2017), and is
not addressed when using management practices that
only target crown fire occurrence through vertical fuel
distribution (tree pruning, ladder fuel removal). Increas-
ing heterogeneity in forest fuel structure can increase fuel
discontinuity, thereby reducing fire spread, area burned,
and fire-driven tree mortality (Atchley et al., 2021;
Koontz et al., 2020). Similarly, different within-stand
clustering patterns can alter the net energy transferred
from surface fuels to the tree crown (Ritter et al., 2020),
though the impacts of forest stand structural variability
on forest resilience can vary by region (Stephens
et al., 2021). Increasing among-stand structural variabil-
ity by harvesting or burning patches of trees in the Pine
Ridge would decrease stand continuity across the land-
scape and recreate more resilient historical stand struc-
tures under more fire-conducive conditions (Kane
et al., 2019). This becomes increasingly important as
warmer and drier conditions associated with climate
change are being linked to increasing wildfires in forest
and savanna systems (Abatzoglou & Williams, 2016;
Westerling et al., 2006). Future studies should integrate
changes in within- and among-stand continuity in crown
fire simulations in eastern ponderosa pine forests such as
the Pine Ridge to determine their potential to increase
forest stand resilience under high wildfire risk conditions.
Because it has been argued that applying thinning treat-
ments across large areas is unfeasible (Schoennagel
et al., 2017) and that prescribed fire can be more effective
than mechanical pruning at altering canopy fuel charac-
teristics (Scott & Reinhardt, 2007), future studies could
also compare the outcomes of thinning with mixed-sever-
ity prescribed fire for enhancing forest resilience.

There are several assumptions in our simulations that
need to be considered. It is important to note that both
mechanical thinning and targeted grazing can increase
the amount of downed woody debris, a variable that can
increase the probability of crown fire and that was not
included in our analysis. Zimmerman and Neu-
enschwander (1984) found that areas grazed with cattle
had higher amounts of downed woody debris than
ungrazed stands in a mixed Douglas-fir (Pseudotsuga
mengiesii) and ponderosa pine forest. Coarse woody
debris and snags were not accounted for in the forest
resource inventory data collected for the Pine Ridge and
consequently in our models. Thus, our simulations are
likely more reflective of integrated management that
incorporates techniques that reduce woody fuel accumu-
lations (e.g., prescribed fire). Assumptions of fire simula-
tion models also need to be considered when interpreting
our results. For instance, spatial relationships that occur

within a stand and among stands are not accounted for.
Fuel complexes in fire models are assumed to be uniform
and homogenous (Alexander & Cruz, 2013). Patterns in
forest structure tied to variables such as topography are
not reflected in our simulation models, yet can play an
important role in shaping fire patterns (Heyerdahl
et al., 2001; Kellogg et al., 2008; Stambaugh &
Guyette, 2008). As fire simulation models continue to
advance, we will be better able to encapsulate this com-
plexity in quantifications of forest stand resilience to
wildfire.
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