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Executive Summary

Predating the 20™-century fires in the southwestern U.S. burned regularly and at low
intensities. These ponderosa pine-dominated forests have become overgrown and dense as a
result of fire exclusion and suppression policies. Continual negligence of prevention treatments
such as canopy thinning and fuel reduction programs has led to worsening fires. Yet fires are a
key process in structuring and regulating the function of southwestern ponderosa pine
ecosystems. Naturally ignited fires that are allowed to spread without active suppression are
known as managed wildfires or resource benefit fires as they provide resource benefits such as
fuel reduction or habitat creation. Managed wildfires have the potential to help reshape the
landscape of the West and have only recently been used as a tool in an effort to return current
forest stands within a historical range of natural variability. Historical reference points are the
best estimate of a functioning and resilient ecosystem as they reflect the forests’ evolutionary
ecology. As such, the natural range of variability serves as the basis for which restoration
ecologists and resource managers restore these forests’ composition. The natural references
are estimated by gathering data from a variety of sources, including historical photos, early

forest inventories and land surveys, as well as dendrochronological stand reconstructions.

The Coconino National Forest has one of the highest natural fire occurrences in the United
States. Only since 2009 have resource managers in the Coconino National Forest been able to
consider the flexible implementation of fire management for ecosystem services and resource
benefit objectives. This study examines (1) the effects of eight recent wildfires managed for
resource benefit use on stand structure in the Mogollon Rim District, Coconino National Forest,
Arizona, (2) the prolonged impacts of simulated and repeated fires, and (3) the combination of

management activities necessary to restore current stands within a natural range of variability.

This study used the Forest Vegetation Simulator (FVS) and Fire & Fuels Extension (FFE) to
simulate the effects of fire on trees per acre and basal area across multiple management
scenarios and varying time scales. FVS simulates how forest vegetation develops through

succession, and responds to disturbances and a variety of management actions. FFE
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integrates FVS with models of fire behavior, fire effects, and fuel and snag dynamics to
simulate management scenarios. Seven simulations were run and included scenarios such as
the re-introduction of wildfire at 15-year intervals, mechanical thinning operations with

different target basal areas, and simulated catastrophic wildfire.

Results show that (1) the eight recent wildfires failed to return the overstocked stands to
historical conditions (2) managed wildfires may not be enough to return overstocked forests
within historical conditions, and (3) mechanical treatments may be necessary to initiate a shift
in composition and structure. Recommendations to resource manager include combinations of
treatments of prescribed burns, naturally ignited wildfires, or thinnings to promote individual or
small group selection with grassy inter-spaces which contribute to the heterogeneous,
diversified mosaic of uneven-age class structure present over a century ago. Resource benefit
fires can be applied over larger area compared to mechanical treatments due to access,
topography, and the limited timber industry infrastructure in Arizona. Resource benefit fires
and prescribed burns have the potential to slightly reduce basal area and reduce crown fire
potential in the future due to the consumption of ground fuels. Mechanical treatments are able
to target specific fuel reductions but do not mimic fire as well. Thinning is four times more
expensive than using managed wildfire but management options are limited by accessibility.
Conversely, the use of fire is limited in wildland-urban interface due to smoke and safety
concerns. Management in these landscapes requires continuous effort and monitoring. If
naturally ignited wildfires do not occur within a typical fire return interval managers should

consider using prescribed burn to achieve similar results.

The updated Coconino National Forest Plan (2011) places an emphasis on using prescribed and
low severity naturally ignited fire on over 335,000 acres over the next decade. This kind of
management promotes a balance of age-classes and a slow and gradual restoration of the
landscape. The simulated methods presently here can act as a guideline for resource managers
looking to incorporate fire back into the management of these ecosystems. The simulations

reveal that one-time treatments will not resolve the fuel accumulation problem regionally,
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these areas will still need frequent fuel maintenance treatments at regular intervals to return
and maintain forest structure. Restoring ecosystems resilience based on historical conditions
has been a guiding concept in ecosystem management for an extended period of time.
Nevertheless, reference conditions may become less relevant in the future with a changing
climate. Reference conditions still provide a flexible framework when combined with adaptive

management and an evolution of knowledge, will improve the health of southwestern forests.

Contact information: Olivia Tempest [olivia.tempest@gmail.com]
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Introduction

Over a century of fire suppression management has left many southwestern federal forests
with dangerous levels of surface fuels and overstocked forests. When fires run across these
landscapes they result in larger fires than what typically existed during the pre-settlement era
(Peterson et al. 2005). These wildfires are becoming increasingly larger and more frequent.
Continual negligence of prevention treatments such as canopy thinning and fuel reduction
programs has led to worsening fires. Fire seasons are now, on average, over 70 days longer and
have burned 50% more land than the four previous decades (TNC 2014; The 2015 Fire Season
2015). In the 1980s an average of three million acres nationwide burned a year. In 2015 the
number topped over nine million acres burned, with five million alone in Alaska (Freedman 2014;
The 2015 Fire Season 2015).

As fires are a key process in structuring and regulating the function of forest ecosystems,
managed wildfires have a potential to help reshape the landscape of the West (Sensibaugh and
Huffman 2014). Only within the past two decades have studies examined the effectiveness of
managed wildfires on returning plant communities to historical reference points (USFS 2010).
A significant geographical gap of data in the southwestern, United States, persists, and results
from studies in this region provide crucial knowledge about the response to fire exclusion and
more importantly, the introduction of natural fire back into a landscape. This study will
examine the potential for managed wildfires to return dense ponderosa pine forests in the

Coconino National Forest, Arizona, within a natural range of variability prior to fire exclusion.

Southwestern Historical Fire Regime

Predating the 20™-century, fires in the southwestern U.S. in ponderosa pine (Pinus
ponderosa) dominated forests burned regularly and at low intensities (Covington and Moore
1994; Huffman et al. 2015; Hunter et al. 2011; Peterson et al. 2005; Reynolds et al. 2013;
Roccaforte et al. 2015). Ponderosa pine is typically found between 5,000-9000 feet and fire
frequency on these landscapes ranges from 0-35 years between fires and mostly includes surface

fires. A study performed by Huffman et al. (2015) in the adjacent Apache-Sitgreaves National
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Forest, reconstructed the fire regime characteristics of over 2500 acres in a mixed conifer
landscape and analyzed composite fire intervals, the natural fire rotation, and forest and
landscape scale structure. Data collected on 133 trees yielded a mean fire interval between two
and nine years between 1670 and 1879. Evidence shows that fires were less frequent after 1879
and the mean natural fire rotation was 14 years. Frequent-fire forests resulted in a
heterogeneous landscape consisting of a fluctuating mosaic of different aged tree groups and
scattered individual trees interspersed by an open grass-shrub-forb matrix (Figure 1) (Coconino
National Forest Plan Revision Team 2011; Reynolds et al. 2013). Fires burned primarily on the
forest floor and rarely spread to tree crowns and canopies, although individual trees might
occasionally become torched during fires (Reynolds et al. 2013). This creates patches of uneven-

aged forest.

Figure 1. Representation of changes in the vertical and horizontal continuity and arrangement in forest stand
structure from pre-1880 (left) and present conditions (right). Today’s forests tend to have more fuel loading, higher
densities of fire-sensitive species and suppressed trees, and a higher continuity between surface and crown fuels.

Frequent fires promoted fire tolerant species such as ponderosa pine, among others
(Peterson et al. 2005). The understory largely consisted of gambel oak (Quercus gambelii), New
Mexico locust (Robinia neomexicana), Douglas-fir (Pseudotsuga menziesii), or southwestern
white pine (Pinus strobiformis). Ponderosa pine is one of the few species in the West highly
adapted to fire and its resistance to surface fire increases with age. Ponderosa pine is usually
irregularly shaped and found in small groups of approximately two to twenty trees with
interspaces comprised of shrubs, grasses, and forbs (Reynolds et al. 2013). Frequent low severity
fire and open forest characteristics further promoted open forest conditions with discontinuous
crowns and minimal fuel accumulation. Fire severity references the effect that fire has on soil,

fuel consumption and vegetation mortality (Jain and Graham 2004). Tree groups averaged
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between 0.003 and 0.72 acres in size. The fires rarely killed large trees, largely thinning and
controlling regeneration to maintain an open understory forest structure (Reynolds et al. 2013).
Studies in the Coconino National Forest reported a mean range of canopy cover between
10% and 19%, while the range was about 10-50% (Reynolds et al. 2013). The distribution and
abundance of snags, logs, and downed woody debris likely varied spatially with the type and
severity of disturbance. Due to the short-lived nature of these woody products, both due to
decomposition and local fire, volume estimates of coarse woody debris are largely unknown
(Reynolds et al. 2013). Some historical evidence suggests an average of 2 and 3 logs per acre but
this ranges from one to eight snags/acre and three to twenty-three logs/acre (Reynolds et al.
2013). The distribution and abundance of snags and logs strongly suggest that it corresponded
with fires’ intensity, severity, and spatial and temporal variability (Reynolds et al. 2013).
Historical reference points are the best estimate of a functioning and resilient ecosystem
as it reflects the forests’ evolutionary ecology (Reynolds et al. 2013). As such, the natural range
of variability serves as the basis for which restoration ecologists and resource managers restore
these forests’ composition. The natural references are estimated by gathering data from a variety
of sources, including historical photos, early forest inventories and land surveys, as well as
dendrochronological stand reconstructions (Reynolds et al. 2013). Adapted from Reynolds et al.

(2013), the table below displays the range of reference conditions.

Table 1. Historical range of reference conditions for ponderosa pine forests in the southwestern U.S.

Reference Conditions for Ponderosa Pine Forests

Forest Attribute Range Mean
Trees per acre (TPA) 12-124 40
Basal area (ft*/acre) 22-89 56

A century of fire exclusion policy has led to increased tree densities, reduced vegetation
complexity, decline in grass and forb interspaces, and a reduced quality of wildlife habitats
(Reynolds et al. 2013). Prior to human intervention, these ecosystems operated in positive
feedback loops that promoted frequent low severity fires, which in turn created a functional

relationship that facilitated continued low severity fires (Fitzgerald 2005). Under a historical fire
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regime tree seedlings that established in small openings would be later burned by fire or die
due to competition. Young tree groups in open areas are also more likely to reach fire-resistant
age before other groups under denser canopies (Fitzgerald 2005). Therefore, fire-caused
mortality was more substantial in groups dominated by older trees due to suppressed growth.
Seedlings that establish farther from mature trees are more likely to survive fires because fine
fuels from over-story branches and trees accumulate less, thus leading to less severe fires and
the promotion of variable group and space clustering (Cooper 1960). Young tree groups in open
areas reach fire-resistant size faster than trees growing beneath closed canopies and clumped
groups (Reynolds et al. 2013). Today, tree stands grow beneath higher canopy cover levels than
in the past; and thus it takes longer for ponderosa pine to reach fire-resistant age. Hundreds of
young trees are primed and ready to act as fuels for growing fires and given the additionally low
crown base height, provide an excellent source of ladder fuels. An open stand is less vulnerable
to fire due to a decrease in canopy continuity, thereby, decreasing vulnerability to crown fire
(Fitzgerald 2005; Fulé et al. 2004; Roccaforte et al. 2008). The cyclical nature of the
aforementioned as well as other vegetation dynamics perpetuates the shifts and feedback
loops that result in a mosaic of un-even age classes and variable spatial arrangement (Coconino

National Forest Plan Revision Team 2011; Reynolds et al. 2013).

Resource Benefit Fires

Around 1880 a series of policies was establish that supported or encouraged active fire
suppression in the management of western forests, in compliment with the introduction of
intensive livestock grazing around the same time (Huffman et al. 2015). Only since the 2003
“Interagency Strategy for the Implementation of Federal Wildland Fire Management Policy” and
subsequent 2009 revisions which removed the distinction between wildland fire use and wildfire,
have resource managers ability been able to consider the flexible implementation of fire
management for ecosystem services and respond to changing conditions (USFS 2010). Field
deployment of this change began in 2009 (this is the same year that the Coconino began to
managed for resource benefit objectives) (USFS 2010). The Coconino National Forest has one of

the highest natural fire occurrences in the United States. Across 23 years the Forest had the
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highest natural fire occurrence in nationwide for 18 years and was in the top six every year
(Coconino National Forest Plan Revision Team 2011).

Current policies guide natural resource managers to meet objects using naturally ignited
wildfires (Sensibaugh and Huffman 2014). Resource benefit fires are lightning ignited fires that
are allowed to spread without active suppression. On the Coconino National Forest wildland fires
are started during the spring and summer thunderstorms. Existing policy allows managing natural
ignitions to meet resource benefits. Resource benefit fires are those that are intended to
maintain and enhance resources and function in their natural ecological role (USDA/USDI 2005).
Resource benefit fires often burn for longer periods of time and thus tend to cover more area
(Hunter et al. 2011). Managing naturally ignited wildland fires to meet fuel reduction is an
increasingly popular tool to restore woodland communities and return fire to a drying ecosystem.
Benefits include reducing surface fuels, increasing the canopy base height, reducing canopy
density, retaining larger trees, and emulating historical patterns and a heterogeneous ecosystem
through small natural patches of high severity fire (Peterson et al. 2005). Natural ignition is also
better for soil compaction than mechanical thinning for similar fuel reduction goals (Sensibaugh
and Huffman 2014). Fire on the landscape can be beneficial and resource managers are recently
learning how to incorporate it as an active part of the system and the natural landscape (USFS
2010; Williamson 2007).

As fire season becomes longer and more intense the national fire policy has slowly shifted
toward a focus on hazardous fuel reduction and recognition of fire as an essential ecological
process (USFS 2010). As such, the USFS has focused its efforts on mechanical treatments and
prescribed burning (Williamson 2007). Despite extensive efforts to address fuel reduction, fuels
still accumulate quickly and therefore the cheapest and most accessible treatment areas have
already been covered (Williamson 2007). Additionally, treatments have focused on fire regimes
returning within the next few decades yet one-time treatments will not completely resolve the
fuel accumulation problem regionally, these areas will still need frequent fuel maintenance
treatments at regular intervals to return forest structure (Williamson 2007). Resource benefit
fires allow naturally ignited fire to burn under approved conditions and should assume a greater

management role in future plans (Williamson 2007). As of 2004 only 2.7% of all lightning ignited
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fires were managed more for resource benefit (Williamson 2007). Additionally, managed wildfire
provides a low cost option if suppression efforts are minimal (Sensibaugh and Huffman 2014).
Managed, naturally ignited fires have a potential to restore healthy, resilient forests and
return fire to starving frequent fire ecosystems. They meet multiple management objectives
simultaneous such as surface fuel reduction, nutrient recycling, influence vegetation
competition, create wildlife habitat, increase resilience to future fire, reintroduction of
characteristic disturbances and structural components, and create a diversity of habitats (Evans
et al. 2011). Reference conditions and natural ranges of variability are the backbone that guide

the management and use of resource benefit fire as a restoration tool (Reynolds et al. 2013).

Restoration Framework

Restoration is the process of assisting the recovery of degraded, damaged, or destroyed
ecosystems (SER 2004). Restoration initiates or accelerates the recovery of an ecosystem with
respect to its ecological health, composition, and sustainability (SER 2004). Therefore, the
ecosystem resiliency is the ability of the ecosystem to recover from disturbances without
permanently altering its function (SER 2004). One reason that managing forests via their historical
conditions and within a natural range of variability is so popular is because it restores the
evolutionary environment of system that was fine-tuned to adapt to stressors such as fire, insect
and pest attacks, and changes in the climate (Allen et al. 2002; Reynolds et al. 2013). Main
components such as the typical species composition, small tree grouping with scattered
individual trees, and maintenance of open grass-forb interspaces, snags and logs, and the spatial
variability of all of these components are crucial to consider when restoring ponderosa pine
southwestern forests (Reynolds et al. 2013).

Natural ranges of variability are simply best estimates of the resiliency and function of
ecosystems which can provide a useful and powerful model for the restoration of frequent fire
forests. Managing southwestern forests toward reference conditions and natural ranges of
variability will help to reestablish characteristics processes and increase the survivability of the
forests (Reynolds et al. 2013). As our climate changes faster than we know how to adapt or what

to predict in the future, it is necessary to recognize that reference conditions may become less
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relevant in the future, but still provide a flexible framework when combined with adaptive

management and an evolution of knowledge, will improve the health of southwestern forests.

Related Scientific Research and Objectives of the Current Study

As recently as 2009 the Mogollon Rim Ranger District, Coconino National Forest, Happy Jack,
AZ began using lightning ignited fires as a resource benefit tool in order to naturally reduce fuel
loading and tree density. Historically low severity and frequent fires controlled this system and
studies referenced in Reynolds et al. (2013) have shown that tree density averaged 39 and basal
area averaged 56 ft?/acre (Reynolds et al. 2013). Research has found a seven-fold increase in
mean tree density between 1909 and 1990 and a three-fold increase in basal area (Huffman et
al. 2015; Reynolds et al. 2013). Reference conditions from a study performed by Roccaforte et al.
(2015) revealed that basal area average 99 ft?/acre and tree density of 35 trees/acre prior to
wildfire exclusion in 1880. Other studies have found similarly that pre-fire mean tree density
range between 21-99 trees/acre, 8-51 trees/acre and 86-301 ft?/acre (Allen et al. 2002;
Huffman et al. 2015). These estimates are similar to reference studies gathered by Reynolds
et al. (2013) and provide further evidence of the historical stand conditions.

Roccaforte et al. (2015) found that a full treatment that used both thinning and burning
rapidly shifted the forest structure and canopy fuels to levels near or within reference
conditions. Burn only treatments resulted in conditions that slightly reduced tree density and
were still outside of reference conditions. The implication being that multiple treatments may
be necessary in order to return forests to historical reference levels. Additionally, they noted
that subsequent repeated prescribed burns may have limited effectiveness for restoring the
historical stand structure of ponderosa pine dominated ecosystems. Another study conducted
by Waltz (2014) found that treatments which removed small diameter and fire intolerant
species and ladder fuels, shifted forest structure and composition to large diameter, fire
resistant trees and thus more reminiscent of historical structure.

The largest fire to date in Arizona was a human ignited fire in 2011. A mixed conifer,
ponderosa pine dominated stand burned over 537,000 acres of forest and grassland in the

White Mountains of eastern Arizona and western New Mexico with crowning patches as large
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as 25,000 acres and over 3 miles wide (Waltz 2014). Catastrophic fires such as this are the
impetus for pursuing restoration efforts in the southwest. Given the initial natural variability
of current forest stands the management approach taken will shift. The objectives of this study
are as follows:

(1) What are the effects of recent wildfires managed for resource benefit use on stand

structure?

(2) What are the prolonged effects of simulated repeated resource benefit fires of

varying severity, on stand structure in ponderosa pine forests?

(3) What combinations of management activities are necessary to return current

stands near historical reference conditions?

Fire is a crucial factor in shaping the structure and function of forests in the west. The
accumulation of flammable fuels due to decades of fire suppression is dangerous for the
ecology of the system and the reintroduction of frequent fire forests into these starved
systems is a complex and long-term project (Peterson et al. 2005). This study will add to the
growing literature on the effectiveness of using fire as a restoration tool in overgrown, fuel-

laden forests in the Coconino National Forest in northern Arizona.
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Methods

Managed Wildfire Data Collection

All of the data was collected between 2009 to 2014 by the Fuels and Fire Crew on the
Coconino National Forest, Mogollon Rim Ranger District, AZ (Figure 2). The Coconino National
Forest is located in northern Arizona centered around Flagstaff and Sedona in Coconino
County. It is one of six National Forests in Arizona. It is 1.856 million acres and has a diverse
set of landscapes including deserts, ponderosa pine forests, mesas, alpine, and ancient
volcanic peaks. Coconino National Forest has ten designated wilderness areas. There are three
ranger districts including the Red Rock, Flagstaff, and Mogollon Rim district. It ranges in
elevation from 2,600 to 12,622 feet but the average elevation is roughly 7,000 feet. The forest
is bordered in the south by the Mogollon Rim, an almost 400 mile long escarpment that marks
the southern border of the Colorado Plateau. The Mogollon Rim District is characterized by
dense ponderosa pine forest and the southern boundary of the district is the edge of the
Mogollon Rim. Juniper, pinyon pine, shrubs, and sagebrush dominate the mid and lower

elevations while ponderosa
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total (Table 2) (Appendix: Figure Al). Plots were placed randomly throughout each fire given

the proposed management area after the fire was discovered. Plots were placed randomly and

opportunistically within the fire management area after discovery of ignition and location. For

example, the location of plots for the Independence stand were chosen for the proximity to

the fire and the representative fuel models mainly on the north and west sides of the fire.

Plots were visited after the fire burned out. A variety of stand characteristics were measured

including small tree tallies of stems below 5” DBH, number of logs and snags, and down woody

material inventories but only large trees were evaluated for trees/acre and basal area because

detailed reference conditions for snags, logs, and small tree are limited.

Table 2. Description of the study sites in the Coconino National Forest, Arizona, USA.

Date Ignited Fire Acres | #Plots | Cause Previous Management or Impact
7/21/11 | Sand Rock Complex 4596 6 | Lightning | 3,153 acres fell within Pocket/Baker project area
(Zeus and Rodeo Fires) Prescribed burn 2002-2005
7/21/11 | Scout 803 5 | Lightning 14 acres burned into Ranger Complex Fire from
2010
7/4/09 | Independence 1371 5 | Lightning
7/18/11 | Rocky 4999 5 | Lightning | The fire burned 2,478 acres in the Mogollon Rim
District, remained on the Red Rock District
8/11/13 | Egypt 509 3 | Lightning | 156 acres burned in West Clear Creek
Wilderness Area
May 2009 Brady 3984 23 | Lightning
7/8/14 | Pothole 2161 3 | Lightning | Good Enough/Tule Timber Sale in 2005/2006-

BA reduction to 50-60 ft?/acre among 5-18 inch
2008 broadcast burn- 700 acres

Reference Forest Stand Information

Reference data was extracted from a report by Reynolds et al. (2013) which gathered

information on the range, mean, and standard error of TPA and BA from 36 studies which have

information on the historical reference conditions of northern Arizona. The data was gathered

between 1867 and 1952 (Appendix: Table Al).
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Forest Vegetation Simulator Analysis

This study used the Forest Vegetation Simulator (FVS) in order to simulate the effects of
fire on trees per acre and basal area across multiple management scenarios and varying time
scales. FVS is a useful simulator regarding how forest vegetation develop through succession,
disturbances, and responds to variety of management actions (SUPPOSE, version 2.04,
updated 02/05/2016) (Crookston and Dixon 2002). The Central Rockies (CR) variant was used
in these simulations. This variant of FVS was developed in 1990 (Keyser et al. 2008). The
default forest used in this region under southwestern ponderosa pine forests is the Cibola
National Forest located in New Mexico at an elevation of 8,800 ft. The default site index used
for ponderosa pine forests is 70 feet at 100 years. The CR variant was developed to fit forest
types represented in Wyoming, South Dakota, Colorado, New Mexico, and Arizona. See Keyser
et al. (2008) for more details regarding calculations of site index, density, height-diameter
relationships, and more.

The Fire & Fuels Extension (FFE) used in this study to simulate management scenarios that
include fire. FFE integrates FVS with models of fire behavior, fire effects, and fuel and snag
dynamics to simulate management scenarios and compute their effect on fuel loading, snag
levels, and carbon over time (Reinhardt and Crookston 2003). Typically FVS FFE uses live trees,
dead trees, down dead woody debris, and forest floor biomass to simulate fire and its effects
on stand characteristics into the future. In this study only large trees greater than 5” DBH post-
wildfire were used to model the stands. FVS will default in the remainder of variables such as
fuel loading and other live or dead biomass. Simulated fire was run using the keyword ‘Simfire’
and the severity of the fire was adjusted using the percent of the plot burned. For more
information on how FFE-FVS is calibrated for the CR variant see Rebain (2010).

In addition, FFE typically assigns default fire and fuel behavior models (FBFM). These
models are based on the vegetation type, associated fuel loadings, and fuel bed depth. This
study used specific FBFM gathered from LANDFIRE data. LANDFIRE is a wildland fire,
ecosystem, and fuel assessment mapping project. It creates consistent, comprehensive,
landscape-scale maps of vegetation, fire, and fuel characteristics for the United States (Rollins

2009). LANDFIRE is sponsored by the United States Department of the Interior and the United

16| Tempest



States Department of Agriculture, Forest Service. Maps that display the vegetation and fuels

and fire regimes, which the FBFM are based on, are essential for understanding and modeling

the relationship between landscape structure and wildland fire behavior. LANDFIRE provides

these integrated maps based on field sampling, remote sensing, ecosystem simulation, and

biophysical gradients to create the predictive landscape map of fuel and fire regimes (Rollins

2009). There were six FBFM used within the eight focus fires and they were weighted roughly

according

Appendix:

A3).

to the area they occupied in each of the focus fires (Appendix: Table A2 and

Figure A2). The default settings of each of the FBFM were used (Appendix: Table

Seven simulations were run using FFE FVS in order to recreate wildfire in model space:

(1)

(2)

(3)

Comparison model- This simulation was used to assess how well the model can
simulate real wildfire conditions. In these simulations the pre-wildfire data
consisting of 387 large diameter trees were used in FVS and the percent of plot
burned was adjusted in order to achieve the post-fire result.

Repeated introduction of managed wildfire- This model simulation ran for 100
years beginning in 2015 and ending in 2115. The first simulated wildfire began 15
years after the initial year of ignition of each focus fire and continued every 15 years
for 5 burns total. A fire interval of 15 years was chosen because it provided a
conservative estimate of expected return given the recent applicability of resource
benefit fires (Appendix: Table A4). Each focus fire was subjected to three severity
regimes: low severity in which 15% of the plots burned, moderate severity in which
45% of the plots burned, and high severity in which 75% of the plots burned. Trees
per acre and basal area was recorded after each treatment.

Mechanical Thinning to residual 60 ft?/acre- This simulation loosely followed the
fuel treatment performed in 2005/2006 in the Good Enough/Tule Timber sale
which the Pothole fire burned through. This provided a baseline methodology in an
attempt to mimic previous fuel treatment efforts going forward given that the
district has already completed this fuel treatment. The fuel treatment began in

2020 with the mechanical thinning of trees within 5 to 18 inches DBH to a residual
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(4)

(5)

(6)

(7)

basal area of 60 ft?/acre, as specified in the prescription for the 2005/2006 timber
sale. Similarly, branch wood slash was left as fuel on the ground. In the Good
Enough/Tule timber sale debris followed a similar lop and scatter regime. 15 years
following the thin the first simulated low severity wildfire occurred in 2035,
followed 15 years by another low severity burn in 2050 (Figure 3). This simulation
was run for 50 years and trees per acre and basal area were recorded following
each treatment.

Mechanical Thinning to residual 40 ft?/acre- A second scenario was run with a
reduction in the residual basal area to 40 ft?/acre using the same 50 year timeline
and same treatments and treatment variables.

Mechanical Thinning to 60 ft?/acre- This treatment followed similar guideline
except the DBH restriction was removed and thus each stand was reduced to the
specified basal area.

Mechanical Thinning to 40 ft?/acre- Again, the diameter restriction was removed,
thereby thinning the entire stand to the specified basal area.

Simulation of catastrophic wildfire- This simulation is an attempt to emulate the
possibility of catastrophic wildfires that are occurring in dense, fuel laden forests
around the west. In this simulation in 2015 all plots were burned 100% under a high
severity fire regime. The simulation was run until 2075 and low severity fires

occurred every 15 years in 2030, 2045, and 2060.

Statistical Analysis

Two-sample T-tests were performed comparing each resulting mean basal area and

trees per acre post treatment to the mean reference condition using R (R Core Team 2015).
All variables were tested for normality and for homogeneity of variance using the Shapiro-Wilk
normality test. Untransformed data are presented in the results. Significant differences for all

tests were assessed using a = 0.05.
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Post burn

2050

2" low severity
burn End of simulation

Figure 3. Visual representation of the treatments performed in FVS for the mechanical thinning and
subsequent low severity burns under simulation scenario 3.
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Results

Managed Wildfire Results

Over 18,000 acres were burned across a total of 50 plots. 385 trees over 5” DBH were
recorded before the fire and 363 trees over 5” DBH were recorded after the fire for a total of 748
observations total. There are only 5 species represented: ponderosa pine, Gambel Oak, Douglas-
fir, Alligator Juniper (Juniperus deppeana), and Rocky Mountain Cedar (Juniperus scopulorum).
Ponderosa Pine is the most dominant species with 93% of total abundance. Gambel Oak (10%),
Douglas-fir (1%), Alligator Juniper (2 individuals), and Rocky Mountain Cedar (1 individual) follow
in abundance.

Basal area and trees per acre were only calculated using the large trees only (DBH > 5”).
Pre-managed wildfire basal area (BA) across all fires averaged 122 ft?/acre (range: 0-266 ft?/acre
while post-managed wildfire BA averaged 116 ft?/acre (range: 0-266 ft?/acre). Pre-wildfire trees
per acre (TPA) averaged 157 (range: 0-381 TPA) and post-wildfire across all fires average 148 TPA
(range: 0-361 TPA) (Figure 4). The Egypt stand had the greatest post-TPA at 320 while
Independence has the least at 76 TPA. The Egypt stand also had the greatest BA at 216 ft?/acre
and the Independence stand had the least BA at 67 ft?>/acre. Only two stands, Rocky and Brady,
had any large trees burned which resulted in a change in BA and TPA. The Rocky stand had a -
19% change in TPA and -2.5% change in BA. The Brady stand had an 11% and 8% reduction in TPA

and BA, respectively (Appendix: Table A5).
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Figure 4. Pre wildfire distribution of focus fires compared to reference conditions with respect to trees per acre
(above) and basal area (below). The Egypt and Independence stands represent the highest and lowest values,
respectively, for trees per acre and basal area of all the eight focus fires.
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Comparison to Historical Reference Points

According to the historical data used, the mean TPA over a century ago is approximately

40 trees/acre while the mean basal area is 56 ft?/acre. Prior to the wildfire, 38% of plots fell within

the range of 12-124 TPA. Post wildfire 44% of plots feel within the range. Pre-wildfire 20% of

plots feel within the range of 22-89 ft?/acre of basal area and post wildfire 22% of plots feel within

this range. While overall the mean basal area and trees per acre, is outside of the range of

historical reference conditions, individual stands like the Independence and Rocky wildfire fell

within the range before the fire. Given that the average TPA across all plots post fire was 148 and

the BA was 116 ft?/acre, both pre and post conditions were different from reference conditions

(Figure 5) (Appendix: Table A6). Similarly, considering that only two fires experienced large tree

reduction, the stand structures pre and post wildfires were similar.
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Figure 5. These boxplots display the difference between
TPA and BA with respect to the pre, post, and historical

data.

FVS Results

As it applies to the results section of the FVS
simulation a treatment is a specified action,
for example the 1% burn in the repeated
sequence. Another treatment would be the
2"4burn, or individual management actions
applied. A scenario refers to the chain of
management action, for example, the
sequence of 5 simulated wildfires. As it
refers to this study as well, a significant
difference between the historical TPA and
mean TPA after a treatment, for example,
means that the treatment action failed to
change the structure to mimic the
historical mean stand characteristics.

(1) Comparison model -The results of

the validation indicated that the maximum
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(2)

(3)

(4)

(5)

(6)

percent the simulated Brady or Rocky fires could burn in
order to mimic the observed post-fire stand structure was
50% (Appendix: Table A7). With this setting, post-wildfire
TPA and BA were similar to post-model output of TPA and BA
(TPA: p= 0.74; BA: p=0.92).

Repeated introduction of managed wildfire- Simulated
wildfire results after five burns, under three different
severity regimes failed to reduce mean TPA and BA to the
mean of historical reference conditions (Table 3 and Figure
6) (Appendix: Table A8).

Mechanical Thinning to residual 60 ft?/acre- Results from
the thinning reduction to 60 ft?/acre and subsequent dual
burns reveal that all treatments failed to change the
structure of the forest for either TPA or BA (Appendix: Table
A9).

Mechanical Thinning to residual 40 ft?/acre- Results from
the thinning scenario to 40 ft?/acre show that only after the
initial mechanical thinning operation was the end-of-
scenario BA returned to within the range of reference
conditions(Appendix: Table A10).

Mechanical Thinning to 60 ft?/acre without DBH limit-
Results from this simulation show that stand structure was
altered in some instances depending on the severity of the

burn (Appendix: Table A11).
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of the simulated mean values for TPA and BA were within the historical range.
(Appendix: Table A12).

(7) Simulation of catastrophic wildfire- Finally, results after the simulation of catastrophic
wildfire resulted in BA/TPA not different from the mean reference conditions after

2015 and 2030 but stand structure was different in 2045 and 2060 (Appendix: Table

A13).
300 W Focus Fires
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Figure 6. The average TPA per burn treatment, across each of the eight stands. This displays the variability of stands
and how management actions might impact one stands faster than others. For example, the Independence stand is
initial within the historical range while the Egypt stand is not.

Diameter Distributions

Diameter distributions taken before and after the real wildfires yield little difference
considering only 20 trees burned out of hundreds (Appendix: Figure A3). A comparison of
multiple treatments for the Egypt stand displays how effective mechanical treatments are in
modifying stand structure (Figure 7). After the 1% low severity burn under the repeated burn
scenario (red bars) the diameter distribution does not change drastically when compared to the
initial distribution (blue bars). There are noticeable differences after a simulated catastrophic
wildfire (orange bars), but only after mechanically thinning (green bars) does the diameter

distribution shift into the historical range of TPA and more closely resemble historical conditions.
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Figure 7. This displays the diameter distribution for the Egypt stand across all species, initially and after three
simulated management scenarios. This exemplifies how quickly the forest structure can change under the
mechanical thinning option compared to utilizing resource benefit fire.
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Discussion

This study compared the stand structural (trees per acre and basal area) impact of
disparate fire management strategies, resource benefit fires and mechanical thinning. In
addition, it used forest growth simulations to examine the long-term effects and the
effectiveness of repeated resource benefit fires. Hunter et al. (2011) conducted a similar study
examining the effect of prescribed and resource benefit fire in the Gila National Forest, New
Mexico, under stratified severity (low, moderate-high). Extrapolation of these results must be
done with caution given that a variety of previous management actions were taken, there was a
large range in the natural variability of pre-fire conditions (e.g., the initial conditions of the Egypt
and Independence stands), this study was not a replicable study, and it did not include a control
treatment. The results and the treatment methodology presented apply to resource managers
considering utilizing resource benefit fires, prescribed fire, or other related management actions
in ponderosa pine forests of the southwestern U.S. Given the recent and upcoming changes in in
the Coconino National Forest fire policy, more managers are beginning to consider or have
already implemented resource benefit fires.

Studies have shown that singular managed wildfires alone may not be enough to return
overstocked forests within a natural range of variability (Allen et al. 2002). It is likely that
historical ponderosa pine forest structure was a product of not just one, but multiple series of
fires over time, thus, the initial conditions of a forest impact the resulting succession post-
disturbance (Hunter et al. 2011). These results might suggest a continuum of fire effects. While
catastrophic, stand-replacing fires are not the goal, nor are fires of such low severity that they
fail to burn more than grass. These results are supported by similar previous research.
Reconstructed forest structure and fuels were low prior to fire exclusion. Estimates from 1880
show that average BA was 40 ft?/acre with a density of 35 TPA, according to a historical
reconstruction done by Roccaforte et al. (2015). The historical reference points gathered from a
variety of studies by Reynolds et al. (2013) range from 12-124 TPA and 22-89 ft?/acre. Results
from this study show a 116 ft?/acre average BA across all stands, well outside the range
developed from Reynolds et al. (2013) and a nearly three-fold increase from over a century ago.

TPA post-wildfire in this study averaged 148, a four-fold increase over historical reference
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conditions. The results of this assessment show that these managed wildfires have limited
effectiveness to reduce TPA and BA, given that only two of the eight fires actually resulted in
large tree mortality and only 24 trees out of the original 387 trees were burned in the two fires.

Given this result, mechanical treatments or multiple wildfires or prescribed burns may be
necessary to initiate a shift in composition and structure (Reynolds et al. 2013). The simulations
run in FVS using the FFE extension show that without some form of initial mechanical

intervention basal area and trees per acre will not return within a natural range of variability.

Recommendations to Resource Managers

Resource managers should use historical spatial patterns and recognize the natural
variability in ponderosa pine forests to inform restoration targets and treatments. Evidence for
historical localized patterns can be gathered from old trees still standing, stumps, logs,
biophysical conditions, and plant associations (Reynolds et al. 2013). Possible management
options include combinations of prescribed burns, utilization of future naturally ignited wildfires,
or thinnings, and individual or small group selection with grassy inter and intra-spaces in order
to recreate the heterogeneous, diversified mosaic of uneven-age classes structure present over
a century ago (Coconino National Forest Plan Revision Team 2011; Reynolds et al. 2013).
Managing young trees for interlocking crowns in some groups while maintaining occasional
scattered individuals also promotes lower severity fire, potentially reestablishing the positive
feedback loop that previously existed. Managers must first consider their objectives for the
landscape and examine the initial conditions, then decisions regarding the material that needs to
be removed, as well as what needs to remain in terms of species, size, and fuel composition can
be made (Peterson et al. 2005).

Specific objectives written in the Coconino National Forest Plan (2011) are to thin 50,000
to 260,050 acres during the next decade following the plan’s approval. In addition the Coconino
plans to use low severity prescribed fire on 150,000 to 300,000 acres of ponderosa pine during
the next decade as well. The plan specifies using naturally ignited fire to treat 135,000 acres with

low severity fire and promote a balance of age-classes.
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1. Management depends on the initial variability of stand structure, thinning may be
necessary to initiate transition. According to results from this study, resource managers
of southwestern ponderosa pine forests should initiate the transition to pre-settlement
forests by mechanical thinning without diameter restrictions to 60 ft?/acre or 40 ft?/acre
followed by frequent low severity fires. This is only with respect to the differences
between the mean historical reference TPA or BA and the mean TPA or BA of the
treatments though. Depending on initial conditions some forested areas may not need as
intense thinning (Allen et al. 2002). For example, stands like the Rocky and Independence
stands were already within reference conditions before the simulations began thus most
repeated fire treatment would maintain conditions within the appropriate range, with
respect to TPA (Figure 8). Conversely, for stands such as the Egypt and Pothole, low
severity managed wildfires were not enough to restore the forest structure. The Zeus and
Rodeo stands slowly returned within a historical range of TPA with repeated wildfires.
Several repeated burns of varying severity fail to return all stands within the historical
range, particularly with respect to BA. After the first mechanical thinning treatment to a
residual 60 ft?/acre, most stand TPA return within the reference range, yet with respect
to BA most stands do not return to a historical point until the 5" scenario, the thinning

without the residual DBH target.
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This does not mean that management is not necessary for stands like the Independence

or Rocky stands, but that initial efforts to transition to open conditions require less action

upfront but continual monitoring and

maintenance of current conditions will be

necessary. In the worst case scenario, an
extremely high severity burn will initially
help to reduce TPA and BA within target
conditions, yet with time the stand will
once again fall out of that range. In fact, the
simulations show that only a few decades
later the stands will be on the higher end or
out of the range of conditions once again.
The volume is of each tree, and stand BA,
will continually increase due to annual
growth. Additionally FVS models
resprouting and regeneration from seed,
which will continue to alter TPA and BA. It
should also be noted that in these
simulations the FVS default rates for
background (density-independent)
mortality were used, which may or may not
represent the actual mortality. With these
assumptions, no matter the management

activity simulated, TPA or BA continued to

grow over-time. Management on these

Figure 8. The following charts for TPA and BA after
each scenario and trial can provide management
recommendations and guidelines for managers. Red
cells represent TPA and BA outside of the historical
range and green cells represent TPA and BA within
the historical range used in this study.
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landscapes requires repeated actions and if resource benefit wildfires ignited naturally by

lightning do not occur within the typical fire return interval of the region, managers

should consider using prescribed burn to simulate and achieve the same results. The

reintroduction of four surface fires in the Gila National Forest, New Mexico since 1975

has successfully opened up ponderosa pine forests and restored grassy understories

(Allen et al. 2002).

There are three main management options. Given that wildfire alone does not reduce

TPA or BA conditions to their target ranges, it is important to consider the series of

management activities necessary to return forests within a natural range of variability.

a.

Managing for naturally ignited resource benefit fires are beneficial because they
can be applied over larger area compared to mechanical treatments due to access,
topography, and the current lack of timber industry infrastructure in Arizona
(Hunter et al. 2011). Resource benefit fires have the potential to slightly reduce
basal area but can also reduce canopy fuels, and therefore reduce crown fire
potential more than thinning as thinning can leave debris (Appendix: Image Al).
Thinning and prescribed fire target difference components of the fuel bed.
Thinning reduces the probability of crown fire spread because it can target specific
trees (Peterson et al. 2005). Fire can be used when precise outcomes are not
necessary, and thus the resulting landscape will be more variable when compared
to mechanical thinning operations. Multiple treatments should be considered as
needed in order to maximize the restoration potential.

While some studies discuss the potential of high severity fire to be more
effective in reducing tree density and crown fire spread, results from this study
show that the greater the severity, the average TPA and BA increase rather than
decrease due to excessive resprouting potential of gambel oak. The sprouting
probability for gambel oak is 0.8 for each tree removed (Keyser 2008). Low
severity burns commonly get rid of fire-sensitive species yet the use of default
resprouting functions in FVS resulted in stand structure characteristics higher than

the stand started with (Appendix: Image A2). Nevertheless, these simulations
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suggest that over time without any efforts to utilize fire in the ecosystem, stand
structure characteristics such as TPA and BA will fail to remain within the historical
range.

Mechanical treatments are better able to target specific fuel reductions such as
crown, ladder, and surface fuels as they can target crown classes and thereby
influence basal area and canopy bulk density (Peterson et al. 2005). While thinning
does not mimic fire systems as well as actual fire, surface fuels can also be
adjusted using mechanical thinning operations and prescribed fires using pile and
burn and crushing and chopping techniques to reduce fuel (Peterson et al. 2005).
There are various thinning regimes that can be followed and considerations should
be made which strategy to use. For example, low thinning removes trees with
smaller diameters and is meant to mimic mortality caused by interspecific
competition or abiotic factors such as wildfires (Appendix: Image A3) (Peterson et
al. 2005). Low thinning targets intermediate and suppressed trees and uses
diameter limits as targets. This is similar to the technique used previously by the
Forest Service and used in FVS simulations in this study. Variable density thinning
thins from below as it removes trees from some patches. Conversely, thinning
from above removes dominant trees which aids in reducing the fuel continuity
within the canopy and generally increases the heterogeneity of the stand,
promoting better habitat characteristics (Stephens et al. 2012; Peterson et al.
2005).

Prescribed burning is a less precise management tool compared to mechanical
thinning operations but is effective at reducing surface fuels and creating gaps and
interspaces (Peterson et al. 2005). Similar to managed wildfires, prescribed fire
can emulate natural processes but managers are often limited by social,
economic, and administrative issues so much that prescribed fire use is low
(Stephens et al. 2012). Prescribed burns also affect the future potential fire
behavior by reducing fuel continuity on the forest floor, thereby slowing the rate

of fire and reducing the probability of crown fires (Peterson et al. 2005). The size,
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shape, and spatial arrangement of the stands impact the efficiency of prescribed
fire (Fernandes and Botelho 2003). While prescribed burning programs have been
used for decades, the scale and intensity of these efforts has so far been
inadequate to reverse the processes and time that has led to current conditions
(Allen et al. 2002). Studies have shown that prescribed burns alone only reduce
basal area 6 to 10% and tree density by an average of 25%, the recent introduction
of managed wildfires as a resource benefit tool is relatively new and unstudied
(Roccaforte et al. 2015; Youngblood 2010).
3. Consider the practicality and feasibility of management options.

a. Costs. Thinning is expensive and poses a challenge for handling large areas or large
amounts of woody material (Peterson et al. 2005). Uneven-aged forest stands
which resemble historical conditions with low fuel loads and open canopy
structure cost between $27 and $38 per acre for wildfire suppression efforts
(Taylor et al. 2015). Thicker forests with many young trees, closed canopy, and
high fuel loading can cost upwards of $80-$860 per acre for suppression
depending on the severity of the fire. This displays that higher fuel loads are often
the resulting factor in higher suppression costs. Not only will the restoration of
current forests to a range of natural variability improve the health, it will also make
the forests cheaper to manage should an unplanned wildfire burn through the
area.

The cost of managed wildfire management on the Coconino National
Forest, Mogollon Rim District, amounts to about $200 per acre (Scott Francis, Pers.
Comm.). Costs are divided between the planning (5180/acre) and on-the-ground
costs ($20/acre). Prescribed fire similarly costs about $200 per acre. Mechanized
thinning is understandably the most expensive management option. From the
perspective of the Forest Service, thinning costs about $500 per acre including
vehicle, paint, and labor costs. Costs to the operator run about $800-900 per acre.
While this largely varies on the volume, operator hours, and the appraisal process,

costs typically include and vary based on hauling, road maintenance and
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construction of temporary roads, skid length, slash treatment, diesel, and labor
(Scott Francis, Pers. Comm.). These costs further show how utilizing managed
wildfire for resource benefit purposes if both ecologically preferable but also
economically.

Wildlife. Naturally ignited fires diversify macro and micro landscape scale
structure and create diverse habitat for wildlife. Low intensity fires maintained
open wildlife habitat for species that require open stand structure such as the
Northern Goshawk (Accipiter gentillis), the threatened Mexican Spotted Owl (Strix
occidentalis lucida), the endemic Abert’s Squirrels (Sciurus aberti), and many more
lizards, snakes, and birds. Fires, which hollow out logs and create snags, provide
prime foraging and nesting habitat for woodpeckers, areas for secondary-cavity
nesters, logs for invertebrate species, mice, birds, rabbits, and squirrels, and
woody debris for small mammals (Reynolds et al. 2013). Increased woody
materials may increase wildlife habitat value and stabilize soils (Allen et al. 2012).
Accessibility and topography. Accessibility in the Mogollon Rim District is limited
by the presence of wilderness areas, areas without road access or poor road
conditions, and endangered species management restrictions (Figure 9). The
limits of accessibility regard the possible treatment of stands in wilderness areas
and areas without road access. There are three wilderness areas that are found
within the Mogollon Rim Ranger District. Management in wilderness areas is
completely prohibited (Scott Francis, Pers. Comm.). The use of chainsaws or any
larger machinery is prohibited. Consequently, resource benefit fires are the only
management option acceptable in these areas.

Wilderness areas in the Mogollon Rim District coincide with areas of steep
slope. Steep slope limits the operability and accessibility of fuel reduction
treatments. According to the Coconino National Forest plan the forest is unable
to operate over 40% slope, yet operability over 30% is conditional upon the soil

type and the direction of the skid (Appendix: Figure A4).
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Figure 9. Landscape features such as wilderness areas, wildland-urban
interface, and Mexican spotted owl habitat are just some considerations
for the practicality of different management techniques in the Mogollon
Rim Ranger District.

The Coconino Forest
Management Plan (2011) specifies
that areas around private land and
development are a priority for fuels
reduction to reduce the fire hazard
in the wildland-urban interface
(Coconino National Forest Plan
Revision Team 2011). Given the
proximity to developments,
prescribed and resource benefit fire
use may be limited due to smoke
and safety concerns during burning
season. Reintroduction of fire in the
Gila National Forest was partially

successful due to the large areas not

restricted by smoke management (Allen et al. 2002). Fortunately, the Mogollon

Rim District does have many areas without human inhabitance and thus fire can

be utilized locally but mechanical thinning operations may be necessary in at-risk

areas close to houses.

Model Testing

The use of simulation tools such as FFE-FVS helps predicting potential outcomes of

wildfire. The simulation outcomes reflect fuel loading as well as interaction among various model

functions and their parameterization (such as percent plot burned, fire weather, fire behavior

model, or treatments). When site-specific inputs for simulations are unavailable, the results are

not likely to predict real-life post-fire conditions for any given site. In this study, the availability

for the input data was limited and FFE-FVS default values for fuel loading combined with most

appropriate fuel models were used. To test whether running FFE-FVS with these setting produced

realistic outcomes in the study area, it was first used to simulate the actual focus fire stands. By
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adjusting of the input parameters, the percent the plot burned, the measured post-fire BA was
successfully replicated in the model outputs for most stands.

The results from the simulations suggest that six of the eight stands burned with low
intensity while the Brady and Rocky stands experienced a moderate severity fire with large tree
mortality. For example, with 50% of the plot burned in the Brady stand the TPA and BA of the
simulated model reached the real field results while in the Rocky stand with 50% of the plots
burned, the BA was reduced to the field result but the TPA did not. Not even a 100% burn in the
Rocky stand resulted in predicted TPA similar to the actual TPA. Tree mortality was not observed
in any other stands. The outcome was replicated in simulation, where the value of the percent-
plot burned parameter was set to 1-4%. While this analysis did not attempt to strictly validate
the model outputs, the fact that the simulated average BA and TPA resemble those of the actual
stands indicates that the model does a fair enough job at predicting average conditions post fire

in the study area.

Limitations

One of the first limitations to this analysis is the failure to standardize prior management.
Three of the eight stands experienced some form of management prior to the wildfire, in the
form of prescribed burns and mechanical thinnings. Therefore, it is difficult to infer if past
management actions impacted the fire behavior and resulting structure and composition of the
forest stand. For example, despite the previous management actions in the Pothole stand, that
stand still remained one of the more densely stocked stands. On the other hand, the
Independence stand which experienced no previous action was the least dense stand. The lack
of control and detailed history on the management activities limits the extrapolation of the
analysis to a larger scale. Future research should include an experimental set up that includes
control and treatment trials in order to more confidently observe the transition and alteration of
stand structure with the inclusion of fire and other mechanical thinning activities.

There is a large set of anecdotal evidence regarding the intensity of fires that is rarely
backed up by quantitative results. In many Resource Benefit Assessments written by the Fuels

and Fire Crew Leader on the Mogollon Rim District notes were made about fire severity, often
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categorized by low, medium, and high severity fires. For example, it was noted that after the
Brady stand, all plots burned with a low or moderate intensity. This information is helpful given
that the FVS comparison model predicted a moderate burn with the appropriate reduction in TPA
and BA. Pictures taken in each cardinal direction pre and post-fire might provide anecdotal and
qualitative evidence for severity but are not enough to quantify the impact of fire severity and
the resulting changes to the plot (See Appendix: Image 1, Image 2, and Image 3). Additionally
there was qualitative evidence on crown base heights and crown scorch but no quantitative data
gathered, or even qualitatively consistent across fire (Savage 2014). It was noted that the lowest
intensity fires occurred in areas that had been previously logged and broadcast burned. The
highest intensity fire occurred in lop and scatter areas (hence the increase in crown base height),
due to the increase fuel loadings.

Future research should consider better utilization of the Burned Area Emergency
Response (BAER) analysis, which in this study was done opportunistically and inconsistently
across the stands; only the Rocky stand included the BAER analysis. The objective of this analysis
is to identify post-wildfire threats to human life and safety, property, and natural or cultural
resources and take appropriate actions to manage risks (USFS 2013). It is performed on burned
areas following wildfires larger than 500 acres. This response system aims to stabilize risks and
damages within a year of the fire. Monitoring stabilization continues for up to 3 years. BAER uses
a combination of on-the-ground assessments and remote sensing analysis to determine fire
severity. BAER analysis on the Rocky stand found that 3018 acres were categorized as unburned
or low severity, 64 acres encountered moderate severity and 0 acres encountered high severity
fire. Once again, this post-fire is not consistent across all of the fires examined in this study but
future research would be bolstered with the inclusion of this kind of analysis.

The lack of quantitative results on may of these pre and post-wildfire stands make it
difficult to conduct a comprehensive analysis of the impact of managed fire on the forests.
Anecdotal evidence such as photos and observations from crew members provide helpful
information for the future, but restrict the extent of analysis. Lack of comprehensive data on
historical coarse woody debris material levels and further analysis into log and snag comparisons

limit the extent to which results from this study can be extrapolated. Additionally, minimum
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diameters reported in the reference condition studies can lead to some underestimates of
historical tree density (Reynolds et al. 2013). One of the last major limitations of this study is the
sole use of TPA and BA to assess stand structure on the district. Utilization of more historical
information such as snag, logs, or downed woody material data would provide more

comprehensive results about how fire is transforming the forest.

Relevance of historical reference points in the future?

Restoring ecosystem resilience based on historical conditions has been a guiding
concept in ecosystem management for decades (Covington 2003). The relevance of these
baseline measurements has been questioned given the speed and scale at which environmental
conditions are changing as a result of climate change. Since the last major glacial period, 14,000
years ago, ponderosa pine returned to the high elevations only 10,000 years ago. As surface
temperatures in the southwest are predicted to increase in the summer and fall, snowpack will
likely lessen (Overpeck et al. 2012). Southwestern droughts have been exacerbated by the
already warmer summer temperatures and are projected to become hotter and drier. Extended
droughts will inevitably result in the death of trees and increased vulnerability to pests and
diseases, likely increasing the potential fire severity (Fulé 2008).

Trees in these lower density stands typically have higher vigor and fewer impacts from
insects and disease (Peterson et al. 2005). Dwarf mistletoe, for example, is of particular concern
on the Mogollon Rim District as this parasite reduces the growth, wood quality, seed production
ability, and life span of infected trees (Reynolds et al. 2013). Presently dense canopies increases
the spread of dwarf mistletoe due to the ease at which its seeds spread from host to host.
Estimates of dwarf mistletoe presence is 30% or greater in ponderosa pine forests (Reynolds et
al. 2013). Dwarf mistletoe is also implicated in worsening bark beetle outbreaks. Mistletoe can
be of particular concern because heavy infections make trees susceptible to severe crown fires
and subsequent death. Fire reduces the population of dwarf mistletoe and acts as a natural pest
and insect suppressant. Historical records indicate that bark beetle outbreaks periodically

happened since the late 1750’s but current forest landscapes are experiencing mortality on a
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scale never seen in the records (Reynolds et al. 2013). Overstocked and even-aged stands are
highly susceptible to beetle outbreak (Reynolds et al. 2013).

Uncertainties in the changing climate are inherently difficult for managers to plan for, and
thus make the restoration of ecosystems challenging and complex. Trees will face increased
competition for water and other resources and many predict that by reducing tree densities,
recreate grass-forb-shrub spaces, and thus rebuilding characteristic historic structure and
function, forests of the southwest will become more resilient over time and better adapted for a
changing environment (Reynolds et al. 2013). Ponderosa pine ecosystems were shaped through
time through stochastic processes including frequent fire, episodic regeneration and regional
climatic events, such as drought, to create a heterogenous forest (Allen et al. 2002).

Enhanced communication between resource managers and climate scientists will aid in
building local adaptive capacity. Southwestern restoration ecologists stress the need for an
increased understanding of reference conditions and the natural range of variability (not only in
composition, structure, and spatial pattern, but also in forest subtypes), how reference
conditions are influenced by fire regarding regeneration and mortality, and the overall

effectiveness of restoration treatments at achieving the desired objectives (Reynolds et al. 2013).

Conclusion

Dense forest stands of young trees occupy a large area of the southwestern United States and
have resulted in reduced heterogeneity and spatial complexity, decline in grass and forb
interspaces, and a reduced quality of wildlife habitats. There is a scientific consensus that it is
urgent to restore these forests to more natural conditions. Results from this study recommend
that resource management should include a combination of treatments of prescribed burns,
naturally ignited wildfires, or thinnings to promote individual or small group selection with
grassy inter-spaces which contribute to the heterogeneous, diversified mosaic of uneven-age
class structure present over a century ago. Resource benefit fires can be applied over larger
area compared to mechanical treatments due to access, topography, and lack of timber

industry infrastructure in Arizona. Resource benefit fires and prescribed burns have the
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potential to slightly reduce basal area and reduce crown fire potential in the future due to the
consumption of ground fuels. Mechanical treatments are able to target specific fuel reductions
but do not mimic fire as well. Thinning is four times more expensive than managing for wildfire
but management options are limited by accessibility. Conversely, the use of fire is limited in
wildland-urban interface due to smoke and safety concerns. Management in these landscapes
requires continuous effort and monitoring. If naturally ignited wildfires do not occur within a
typical fire return interval managers should consider using prescribed burn to achieve similar

results.

The Coconino National Forest Plan (2011) has plans to treat over 335,000 acres with some form
of fire management to promote a balance of age-classes. These simulations can act as a guideline
for resource managers looking to incorporate fire back into the management of these
ecosystems. Social pressure, institutional structure and red tape have often created barriers to
program development for management of natural wildland fires for resource benefit (USFS
2010). As such, fire suppression has been the standard practice for most land management
agencies for the past century (Hunter et al. 2011). Departing from this century long practice will

inevitably take time, as will the restoration of the forest back to pre-settlement conditions.
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Figure Al. Location of 50 plots across the 8 focus fires. Plots were randomly selected and sampled
opportunistically given the proposed fire management area and accessibility.

45|Tempest



Table Al. Historical reference conditions gathered by Reynolds et al. (2013). Only the mean TPA and BA values

when noted were used in this study.

Minimum DBH  Parent Size/Age Reference Trees per Acre Basal area (ft2/acre)

Location recorded  Material Elevation (ft) reported  Date [LRange HRange Mean Std Err |LRange HRange Mean Std Err |Citation
Gus Pearson Natural Area, Arizona Basalt 7398 Age 1875 15 White 1985
Coconino National Forest, Arizona (avg) a Basalt 6907 Size 1910 16 38.1 Woolsey 1911
Gus Pearson Natural Area, Arizona b Basalt 7400 Size 1925 21.8 56.6 Pearson 1950
Gus Pearson Natural Area, Arizona Basalt 7300 No 1876 22.8 46.2 Covington and others 1997
Bar M Canyon, Arizona Basalt 7000 No 1867 21 24 23 65 Covington and Moore 1994b
Flagstaff, Arizona ¢ Basalt 7355 No 1880 1 58 2.7 4 Abella and Denton 2009
Gus Pearson Natural Area, Arizona Basalt 7300 Age 1876 24 Mast and others 1999
San Francisco Peaks, Arizona Basalt 8594 Age 1876 248 26 33 4.9|Cocke and others 2005
Mt. Trumbull, Arizona Basalt 7740 Age/Size 1870 25.2 35 338 6.1{Heilein and others 1999
Coconino National Forest, Arizona (max) a Basalt 6907 Size 1910 34.5 81.2 Woolsey 1911
Mt. Logan, Arizona b Basalt 7483 Age/Size 1870 383 5.8 46.2 7.8|Waltz and Fule 1998
Mt. Trumbull, Arizona a Basalt 6970 Size 1870 0 220 39.2 39 0 143 416 4.1{Roccaforte and others 2010
Chimney Spring, Arizona a Basalt 7380 Size 1920 08 Biondi and others 1994
Coulter Ranch, Arizona a Basalt 7520 Size 1913 30 66 515  10.8 67 120 83 19.5(Sanchez Meador and Moore 2010
Camp Navajo, Arizona Basalt 7592 Age/Size 1883 59.9 5.8 56.2 6.1|Fule and Others 1997
Malay Gap, Arizona b Basalt 7200 Age/Size 1952 124 70.1 Cooper 1960
Woolsey Plots, Arizona a Basalt 7052 Size 1874 18 51 33.1 4.6 40 79 615 5.6/Sanchez Meador and others 2010
Flagstaff, Arizona ¢ Cinders 7355 No 1880 7 74 22.5 6.2 Abella and others 2011
Mt. Logan, Arizona ¢ Cinders 7115 Age/Size 1870 34 38 29.9 6.4 60 64 603 9.1{Waltz and Fule 1998
Red Cinder, Arizona Cinders 7631 Age/Size 1885 74.1 65.3 Abella 2008
Prescott National Forest, Arizona (avg) a Granitic 5320 Size 1910 21.7 255 Woolsey 1911
Tusayan, Arizona (avg) a Limestone 7075 Size 1910 10.7 2.1 Woolsey 1911
Zion National Park, Utah Limestone 7096 Age 1881 3 25 14 Madany and West 1983
Flagstaff, Arizona a Limestone 7355 No 1880 14 34 22 2.2 Abella and others 2011
Walnut Canyon National Monument, Arizona d Limestone 6808 Size 1876 29.1 39.2 Menzel and Covington 1997
North Kaibab, Arizona imestone 7300 No 1881 55.9 Covington and Moore 1994a
Kaibab Plateau, Arizona ¢ Limestone 7500 No 1929 40 55 Rasmussen 1941
Grandview, Arizona imestone 7422 Age 1887 4 247 646 104 19 281 741 12.6|Fule and others 2002
Fire Point, Arizona Limestone 7671 Age 1887 16 216 618  61.8 28 132 893 9.1|Fule and others 2002
Rainbow Plateau, Arizona Limestone 7612 Age 1879 8 228 56.7 5.7 1 99 396 2.6|Fule and others 2002
Powell Plateau, Arizona Limestone 7533 Age 1879 8 262 63.6 9.4 20 337 78 10.9|Fule and others 2002
Zuni, New Mexico (max) a Rhyolite 6557 Size 1910 226 52.8 Woolsey 1911
Cibola National Forest, New Mexico a Rhyolite 8382 Age/Size 1890 47 61 542 6.9 Moore and others 2004
Carson, New Mexico a Shale 6983 Size 1910 384 79.9 Woolsey 1911
Mogollon Plateau, Arizona ¢ Mixed Mixed No 1890 33 7% 573 307 48 79 Williams and Baker 2011, 2012
Uncompahgre Plateau, Colorado Shale 7500 Size 1875 30 90 55 20 0 5 Binkley and others 2008

Minimum DBH recorded
a=35
b=6
=4
=10
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Table A2. The contribution of each FBFM used when modelling wildfire in FFE FVS according to an

approximation of the area within each focus fire.

Fires Fire Behavior and Description
Fuel Models (FBFM)
Brady FBFM 1 (100%) 1: short grass
Egypt FBFM 9 (80%) 9: hardwood or long needle pine timber litter,
FBFM 6 (20%) 6: intermediate brush
Independence FBFM 1 (50%) 1: short grass,
FBFM 8 (40%) 8: closed, short needle timber litter, 6: intermediate brush
FBFM 6(10%)
Pothole FBFM 9 (60%) 9: hardwood or long needle pine timber litter,
FBFM 2 (10%) 2: grass with timber/shrub overstory,
FBFM 8 (15%) 8: closed, short needle timber litter,
FBFM 1 (15%) 1: short grass
Rocky FBFM 8 (60%) 8: closed, short needle timber litter,
FBFM 1 (40%) 1: short grass
Rodeo FBFM 8 (80%) 8: closed, short needle timber litter,
FBFM 1 (15%) 1: short grass,
FBFM 5 (5%) 5: young brush
Scout FBFM 8 (90%) 8: closed, short needle timber litter,
FBFM 6 (5%) 6: intermediate brush
FBFM 1 (5%) 1: short grass
Zeus FBFM 8 (80%) 8: closed, short needle timber litter,
FBFM 1 (15%) 1: short grass,
FBFM 5 (5%) 5: young brush
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LANDFIRE Fire and Fuel
Behavior Models

ROCKY

FBFM
FBFM1- Short grass

BRADY FBFM2- Grass w/
timber/shrub overstory

FBFM4- Chaparral
FBFMS- Young brush
FBFME- Intermediate brush

FBFME- Closed, short needle
timber hitter

FBFMS- Hardwood or long
needle pine timber litter
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Figure A2. The eight focus fires and the associated spatial representation of the FBFM developed from
Anderson (1982) and gathered from LANDFIRE.
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Table A3. The default settings for each FBFM from Anderson (1982).

Fuel Model Total Fuel Load, | Dead Fuel Load, 0- % Live Fuel Load, Fuel Bed Depth
<3-inch dead & inch (tons/acre) foliage (tons/acre) | (feet)
live (tons/acre)

1: Short Grass 0.74 0.74 0 1.0

2: Grass with Timber/Shrub Overstory | 4.0 2.0 0.5 1.0

5: Young Brush 3.5 1.0 2.0 2.0

6: Intermediate Brush 6.0 1.5 0.0 2.5

8: Closed, Short Needle Timber Litter 5.0 1.5 0.0 0.2

9: Hardwood or Long Needle Pine 3.5 2.9 0.0 0.2

Timber Litter

Table A4. Scheduled year of fires.

interval (Huffman et al. 2015).

The fires are 15 years apart, approximately the mean natural fire return

1st Fire | 2nd Fire 3rd Fire | 4th Fire | 5th Fire
Brady 2024 2039 2054 2069 2084
Egypt 2028 2043 2058 2073 2088
Independence | 2024 2039 2054 2069 2084
Pothole 2029 2044 2059 2074 2089
Rocky 2026 2041 2056 2071 2086
Rodeo 2026 2041 2056 2071 2086
Scout 2026 2041 2056 2071 2086
Zeus 2026 2041 2056 2071 2086

Table A5. Summary of results post-managed wildfire using large trees greater than 5” dbh.

Location TPA TPA Std TPA TPA % Change | BA Range BAStd | BA BA %
Range Err Pre Post Err Pre Post Change

Brady 0-341 19.79 158 141 11 | 0-202 12.37 | 100 92 -8
Egypt 261-361 30.62 320 320 0 | 210-223 3.78 | 216 216 0
Independence 20-180 33.90 76 76 0| 18-243 23.76 67 67 0
Pothole 100-200 30.62 160 160 0| 62-214 46.47 | 123 123 0
Rocky 40-140 17.48 108 88 19 | 57-146 16.86 | 120 117 -2.5
Rodeo 80-261 54.69 154 154 0 | 83-225 41.05 | 155 155 0
Scout 40-261 23.72 164 164 0| 118-266 293 | 177 177 0
Zeus 100-280 23.15 140 140 0 | 110-152 12.56 | 134 134 0
All Fires 157 148 6 122 116 5
(average)
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Table A6. Results of t-tests comparing TPA, BA, of pre and post fire and reference BA and TPA.

Test t Df p-value
Two Sided: TPA Pre-fire, Reference TPA 8.6826 57.339 <0.001
Mean

Two Sided: TPA Post-fire, Reference TPA 8.0568 57.523 <0.001
Mean

Paired: TPA Pre-fire, TPA Post-fire 1.8414 49 0.07162
Two Sided: BA Pre-fire, Reference BA Mean 6.8086 63.873 <0.001
Two Sided: BA Post-fire, Reference BA Mean | 6.0445 63.137 <0.001
Paired: BA Pre-fire, BA Post-fire 1.5582 49 0.1256

Table A7. Results of the validation model approach. The Brady and the Rocky fires were the only stands that

experienced reduction in BA or TPA.

Fires In field- Pre In field- Post Model- Post Max. % of
plot
burned

TPA | BA TPA BA TPA BA

Brady 158 100 141 92 141 93 50

Egypt 320 216 320 216 320 216 1

Independence 76 67 76 67 76 67 3

Pothole 160 123 160 123 160 123 3

Rocky 108 120 88 117 103 115 50

Rodeo 154 155 154 155 154 155 3

Scout 164 177 164 177 164 177 4

Zeus 140 134 140 134 140 134 3
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Repeated Burns

Basal Area S
1stburn 2nd burn 3rd burn 4th burn Sth burn St
low medium high low medium high low medium high low medium high low medium high m.l
mean of reference 55.74 55.74 55.74 55.74 55.74 55.74 55.74 55.74 55.74 55.74 55.74 55.74 55.74 55.74 mmﬂ
mean of sample 147.50 140.13 13238 159.25 145.75 133.38 168.63 150.63 135.25 176.50 155.00 137.88 182.25 158.50 Hw&o
t= -5.44 -5.26 -4.88 -6.58 -6.11 -5.54 -7.56 -7.12 -6.24 -8.55 -8.08 -6.92 -9.67 -8.92 -160
df 7.76 7.85 7.89 7.88 8.02 8.14 7.99 8.27 8.41 8.12 8.53 8.66 8.33 8.77 &7
p value <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 Ao..m&
TPA
1stburn 2nd burn 3rd burn 4th burn Sth burn
low medium high low medium high low medium high low medium high low medium high
mean of reference 39.42 39.42 39.42 39.42 39.42 39.42 39.42 39.42 39.42 39.42 39.42 39.42 39.42 39.42 39.42
mean of sample 147.50 140.13 132.38 159.25 145.75 133.38 168.63 150.63 135.25 176.50 155.00 137.88 182.25 158.50 139.50
t= -6.41 -6.27 -5.91 -7.61 -7.21 -6.70 -8.65 -8.34 -7.51 -9.69 -9.39 -8.29 -10.91 -10.32 -9.07
df 7.79 7.87 791 791 8.05 8.18 8.02 8.32 8.45 8.15 8.58 8.72 8.37 8.83 9.04
p value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

burns, all of the trials yielded significant differences from the

Table A8. Results following Simulation 2 with 5 simulated
mean with respect to trees/acre and basal area.




Table A9. Simulation 3 t-test results following the residual thin to a BA of 60. All differences were significant.

Basal Area
Post Thin 1st burn 2nd burn
low medium high low medium high
mean of reference 55.74 55.74 55.74 55.74 55.74 55.74 55.74
mean of sample 98.88 110.50 107.13 104.13 120.63 114.88 108.75
t= -4.79 -6.23 -5.97 -5.52 -7.63 -7.04 -6.33
df 10.22 10.42 10.61 10.44 10.73 10.85 10.88
p value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
TPA
Post Thin 1st burn 2nd burn
low medium high low medium high
mean of
reference 39.42 39.42 39.42 39.42 39.42 39.42 39.42
mean of sample 71.50 69.88 70.88 71.13 68.00 71.25 77.75
t= -3.68 -3.43 -3.27 -3.14 -3.20 -2.95 -2.67
df 10.68 10.51 9.86 9.54 10.45 9.15 8.12
p value 0.004 0.006 0.009 0.011 0.009 0.016 0.028

Table A10. Simulation 4 t-test results following the residual thin to a BA of 40. Only post thin BA yielded non-
significant results and after the 24 low and medium severity burns.

Basal Area
Post Thin 1st burn 2nd burn
low medium high low medium high
mean of reference 55.74 55.74 55.74 55.74 55.74 55.74 55.74
mean of sample 78 88.5 86.625 84.625 98.375 94.25 90.5
t= -2.15 -3.47 -3.39 -3.19 -4.79 -4.35 -4.03
df 9.28 9.87 10.12 10.17 10.31 10.36 10.6
p value 0.058 0.006 0.007 0.009 <0.001 0.001 0.002
TPA
Post Thin 1st burn 2nd burn
low medium high low medium high
mean of reference 39.42 39.42 39.42 39.42 39.42 39.42 39.42
mean of sample 54.75 55.87 59 63.5 56.87 64.37 80.62
t= -2.20 -2.23 -2.30 -2.48 -2.16 -2.23 -2.516
df 12.96 12.86 10.95 9.78 11.56 8.98 7.83
p value 0.045 0.044 0.041 0.032 0.051 0.052 0.035
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Table A11. Simulation 5 t-test results following the thin to a BA of 60 without the diameter cap. None of the
treatments resulted in alterations to stand structure near the historical mean.

Basal Area
Post Thin 1st burn 2nd burn
low medium high low medium high
mean of reference 55.74 55.74 55.74 55.74 55.74 55.74 55.74
mean of sample 64.5 74.125 71.75 69.75 82.875 79 75.875
t= -2.29 -4.64 -4.07 -3.57 -6.32 -5.70 -5.03
df 24.58 27.66 27.16 26.78 30.98 29.49 28.39
p value 0.031 <0.001 | <0.001 0.001 <0.001 <0.001 <0.001
TPA
Post
Thin 1st burn 2nd burn
low medium high low medium high
mean of reference 39.42 39.42 39.42 39.42 39.42 39.42 39.42
mean of sample 64.5 74.125 46.25 49.75 82.875 71.75 69.75
t= -6.47 -8.64 -0.81 -1.07 -10.01 -8.10 -7.64
df 34.79 38.68 11.05 9.86 40.52 38.09 37.64
p value <0.001 <0.001 0.4337 0.3077 <0.001 <0.001 <0.001

Table A12. Simulation 6 t-test results following the thin to a BA of 40 without the diameter cap. After
thinning the BA was altered to pre reference conditions.

Basal Area
Post Thin 1st burn 2nd burn
low medium high low medium high
mean of reference 55.74 55.74 55.74 55.74 55.74 55.74 55.74
mean of sample 43.37 51.37 50.25 49.25 59 57.125 55.373
t= 3.24 1.10 1.40 1.67 -0.779 -0.338 -0.092
df 24.46 27.44 26.39 26.08 30.52 29.62 28.50
p value 0.003 0.278 0.170 0.107 0.442 0.738 0.927
TPA
1st burn 2nd burn
Post Thin low medium high low medium high
mean of reference 39.42 39.42 39.42 39.42 39.42 39.42 39.42
mean of sample 43.38 51.38 50.25 49.25 59 57.12 55.37
t= -1.02 -2.98 -2.74 -2.49 -4.63 -4.28 -3.93
df 34.63 38.43 37.16 36.78 41 40.58 39.59
p value 0.314 <0.001 0.009 0.017 <0.001 <0.001 <0.001
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Table A13. Simulation 7 t-test results following the catastrophic wildfire simulation. With respect to TPA the
forest was similar to reference conditions initially but then grew apart. With respect to BA the non-significant

differences did not occur until the 3r¢ and 4t burn.

BA
2015 2030 2045 2060
mean of reference 55.74 55.74 55.74 55.74
mean of sample 76.75 87.375 96.37 106
t= -1.11 -1.55 -1.92 -2.33
df 7.60 7.51 7.47 7.45
p value 0.299 0.161 0.094 0.051
TPA
2015 2030 2045 2060
mean of reference 39.42 39.42 39.42 39.42
mean of sample 80.63 79.63 78.75 80.63
t= -2.20 -2.31 -2.48 -2.88
df 7.63 7.73 7.90 8.12
p value 0.060 0.050 0.038 0.020
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Figure A3. Diameter distribution of trees before the fire and after using all the large trees recorded.
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Image Al. Scout Wildland Fire, plot #3. The left hand images display the pre-fire surface conditions, the images on
the right display the post fire surface conditions. Low severity fires are often characterized in part by the degree to
which they scorch the soil. These images show a relatively low degree of soil burned. These images also display the
reduction in downed woody material, a major objective for resource benefit fires as this lowers fuel loading
(Savage 2011).
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Image A2. Pothole Fire, plot 19268. The left hand images display the pre-fire surface conditions, the images on the
right display the post fire surface conditions. These images display some of the smaller tree mortality typical of a
low severity fire and downed woody debris consumption and production (Savage 2014).
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Image A3. Scout Wildland Fire, Plot #1. The left hand images display the pre-fire surface conditions, the images on
the right display the post fire surface conditions. Low severity fires in the regime commonly burn grasses, shrubs,
and forbs without killing large established trees, as shown in the first two rows. Low severity burns promotes the
inter-spaces among and between groups of ponderosa pine shown in the bottom two rows. Thinning strategies

that create these spaces can mimic wildfire in some ways (Savage 2011).
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Figure A4. Operational considerations with respect to slope.
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