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Abstract: Prescribed fire is often used by land managers as an effective means of implementing fuel
treatments to achieve a variety of goals. Smoke generated from these activities can put them at
odds with air quality regulations. We set out to characterize the emission tradeoff between wildfire
and prescribed fire in activity fuels from thinning in a case study of mixed conifer forest within the
Boise National Forest in central Idaho. Custom fuelbeds were developed using information from
the forest and emissions were modeled and compared for four scenarios, as follows: Untreated
fuels burned in wildfire (UNW), prescribed fire in activity fuels left from thinning (TRX), a wildfire
ignited on the post-treatment landscape (PTW), and the combined emissions from TRX followed by
PTW (COM). The modeled mean total emissions from TRX were approximately 5% lower, compared
to UNW, and between 2–46% lower for individual pollutants. The modeled emissions from PTW
were approximately 70% lower than UNW. For the COM scenario, emissions were not significantly
different from the UNW scenario for any pollutants, but for CO2. However, for the COM scenario,
cumulative emissions would have been comprised of two events occurring at separate times, each
with lower emissions than if they occurred at once.
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1. Introduction

Land managers steward large tracts of public lands to preserve multiple, and sometimes competing,
public values. In the western United States, historical fire suppression [1,2] and a shift to a warmer
drier climate [3,4] contribute to a seasonal trend of large and often severe wildfires [5,6]. In this
environment, land managers work to meet the requirements of the National Fire Plan [7], the Healthy
Forest Restoration Act [8], and goals of the 2014 National Cohesive Strategy [9], which include the
restoration and maintenance of natural landscapes and resilience to wildfire. One important tool
to achieve these goals and promote forest health is the use of fuel treatments, often a combination
of mechanically removing and burning excess biomass, to meet ecological objectives and reduce
hazardous fuels that contribute to the spread and severity of wildfires. Such fuel treatment is an
important feature of modern adaptive management techniques [10] that support forest health and
wildfire hazard reduction.

At the same time, smoke is one of the key concerns when weighing the costs and benefits of
fuel treatments employing prescribed fire [11]. Smoke from these fires contains pollutants addressed
by the Clean Air Act [12] and has the potential to impact public health [13]. Such consequences
must be seriously considered when addressing prescribed fire smoke. As wildfires show no sign of
subsiding and smoke continues be an important issue for communities and policy makers, and land
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managers must weigh the costs and benefits of prescribed fire smoke to those of wildfire smoke. This is
particularly important for particulate matter, the pollutant in smoke often of greatest concern from
both human health and regulatory standpoints [14]. Particulate matter is reported by the size of
the particulates, commonly PM2.5 and PM10, referring to particulates 2.5 and 10 micrometers in size,
respectively. The smaller particles are of greater concern to human health. Other constituents that
make up a large percentage of smoke emissions, though often of less regulatory and health concern
relative to particulate matter, include carbon monoxide, carbon dioxide, methane, nitrogen dioxide,
and volatile organic compounds.

A literature review focusing on comparing the quantities of smoke produced in wild and prescribed
fires yielded a relatively small body of work compared to other wildland fire topics, such as fuel loading
and quantification. Ottmar [15] noted that, generally, two to four times higher fuel consumption and
emissions take place in wildfires compared to prescribed fires, mainly via increased fuel consumption
under drier hotter conditions and the additional involvement of the tree canopy in the fire. Other work
on this topic took place during the 1990s and primarily compared historical and current emission
levels [16,17]. Two recent studies compared the emission tradeoff regarding treatments. One study in
a western mixed conifer forest found that fuel treatments reduced the impact of downwind smoke
effects mainly via a reduction in fire behavior [18]. Another study, which primarily examined salvage
logging, reported reductions in PM2.5 production [19].

Our study uses the case example of the 2016 Pioneer Fire on part of the Boise National Forest to
model and compare emissions under post-treatment prescribed fire and wildfire scenarios. We simulate
emissions from this wildfire under the July 2016 fuel moisture conditions and compare those to the
simulated results for a proposed treatment scenario, which had been planned for the area but was
not implemented because of the wildfire. We compare emissions from the four following scenarios:
(A) The wildfire burning through untreated forest under July 2016 moisture conditions (UNW); (B)
pile burn and prescribed fire in fuels left from thinning, burned under prescribed moisture conditions
(TRX); (C) wildfire burning under the same July 2016 moisture conditions as UNW, but after the stand
would have been thinned and the material burned (PTW); and (D) the combination of scenarios B and
C, the total emissions from a treatment followed by wildfire (COM).

2. Materials and Methods

2.1. Project Area and Stands

The Pioneer Fire of 2016 was one of the largest and most expensive forest fires to occur in the state
of Idaho in recent history, burning approximately 76,081 hectares through July and August. Among
the areas within the fire perimeter was the Boise National Forest’s Becker Project Area (Figure 1).
The Becker Project Area encompassed 7985 hectares of low to mid elevation forest between 1524–2133 m
(Figure 1), with strongly dissected drainage patterns throughout.

Most of the project area occupied the non-lethal or mixed severity fire regimes (Table 1) and
consisted of mature ponderosa pine (Pinus ponderosa), Douglas-fir (Pseudotsuga menziesii), and subalpine
fir (Abies lasiocarpa), with lodgepole pine (Pinus contorta), which had grown into the older stands over
the last several decades of fire exclusion.
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Figure 1. Becker Project Area of the Boise National Forest and its location within the state of Idaho, 
stand areas are indicated in blue. 

Table 1. Fire regimes, area [20] and vegetation pattern [21] for treatment areas. 
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Interval  
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Fire Intensity 
(% mortality) 

Vegetation Pattern Area 
(ha) 

Nonlethal 5–25 <10% 
Relatively homogenous with small patches generally  

<0.4 ha of different seral stages, densities,  
and compositions created from mortality  

3,063 

Mixed 1 5–70 10–50% 
Relatively homogenous with patches created from  
mortality ranging in size from <0.4 to 242 hectares  

of different seral stages, densities, and compositions  

4,094 

2.2. Study Design 

For this study, we contacted forest staff and obtained the silvicultural prescription [22] 
describing the site conditions and proposed mechanical treatments, a fire and fuels report [23] 
describing the proposed prescribed fire treatments, forest stand data, and a series of Forest Vegetation 
Simulator Fire and Fuels Extension (FVS-FFE) model outputs, created in preparation of the two 
documents, which described the change in canopy characteristics. From this material we gathered a 
total of 16 representative stands that were described across all information sources. Using the Fuel 
Characteristic Classification System (FCCS) fuelbeds as a baseline (described later), we applied 
information from the National Forest to create custom fuelbeds to represent the stands. Canopy 
consumption, required for emission modeling, was informed by the Monitoring Trends in Burn 

Figure 1. Becker Project Area of the Boise National Forest and its location within the state of Idaho,
stand areas are indicated in blue.

Table 1. Fire regimes, area [20] and vegetation pattern [21] for treatment areas.

Fire Regime Fire Interval
(Years)

Fire Intensity
(% Mortality) Vegetation Pattern Area (ha)

Nonlethal 5–25 <10%
Relatively homogenous with small patches generally

<0.4 ha of different seral stages, densities, and
compositions created from mortality

3063

Mixed 1 5–70 10–50%
Relatively homogenous with patches created from

mortality ranging in size from <0.4 to 242 hectares of
different seral stages, densities, and compositions

4094

2.2. Study Design

For this study, we contacted forest staff and obtained the silvicultural prescription [22] describing
the site conditions and proposed mechanical treatments, a fire and fuels report [23] describing the
proposed prescribed fire treatments, forest stand data, and a series of Forest Vegetation Simulator
Fire and Fuels Extension (FVS-FFE) model outputs, created in preparation of the two documents,
which described the change in canopy characteristics. From this material we gathered a total of 16
representative stands that were described across all information sources. Using the Fuel Characteristic
Classification System (FCCS) fuelbeds as a baseline (described later), we applied information from
the National Forest to create custom fuelbeds to represent the stands. Canopy consumption, required
for emission modeling, was informed by the Monitoring Trends in Burn Severity (MTBS) [24] data
from the Pioneer fire for UNW, and forest FVS-FFE [25] outputs for all other scenarios. We assessed
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the available FVS-FEE outputs of canopy characteristics computed by the forest staff to be a more
accurate estimate for use in the TRX and PTW scenarios, compared to adjusting down the MTBS values.
FVS-FFE does not address shrubs, so we relied on MTBS for all scenarios when addressing shrubs.
Woody fuel moistures for the wildfire scenarios were informed by Wildland Fire Assessment System
(WFAS) fuel moistures [26]. Fuel moistures for the prescribed fire scenarios were informed by the
prescribed moistures in the Fire and Fuels Report. This approach is represented in Figure 2.
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Figure 2. Our modeling approach with fuel representations shown in green, fuel moisture and canopy
in yellow, and emission scenarios in gray. WFAS = Wildland Fire Assessment System, MTBS =

Monitoring Trends in Burn Severity, FFR = Fire and Fuels Report [23]. Silviculture Rx = Silviculture
prescription [22]. FVS = FVS-FFE runs were conducted by the forest in preparation of [23].

2.3. Proposed Treatments

Treatments proposed for the Becker project consisted of a combination of pre-commercial and
commercial thinning, followed by fuel reduction achieved by pile burning and broadcast burning
(Table 2). The goals of these treatments included a reduction in tree density, shifting species composition
toward larger ponderosa pine and Douglas-fir trees, and reducing the potential for a high severity
wildfire with a reduction of surface fuel and canopy density and an increase in canopy base height.
To simplify our comparison, we considered the emissions from piles and from broadcast burns together
(TRX). However, in practice, piles would be burned first and a crew would return later to ignite the
broadcast burn.

Table 2. Stand distribution among treatment type and fire regime.

Count Treatment Regime

5 Non-commercial thin, thinning with no product removal. Lop and
scatter and pile, followed by pile burning and later broadcast burn. Non-lethal

8 Commercial thinning with product removal, followed by
non-commercial thinning, pile burning, and later broadcast burn. Non-lethal

2 Commercial thinning with product removal, followed by
non-commercial thinning, pile burning, and later broadcast burn. Mixed, cool wet

1 Commercial thinning with product removal, followed by
non-commercial thinning, pile burning, and later broadcast burn. Mixed, cool dry
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2.4. Fuelbed Modeling with Stands and Treatments

To model scenarios UNW, TRX, and PTW we chose to create Fuels Characteristic Classification
System (FCCS) fuelbeds. These fuelbeds are the required inputs for the consumption and emissions
model used in our next steps. As a starting point, we chose fuelbeds in the Northeast Oregon Fuelbed
Pathways Handbook [27]. We selected those fuelbeds because of the relative proximity to southern
Idaho, with similar forest species, and a large selection of treated fuelbeds to use as a baseline. The fuel
types in Table 3 were chosen by cross-walking tree species, age, slope, aspect, and elevation to FCCS
fuelbeds for pretreatment stands, treated stands, and post-treatment stands. Specifically, we selected
three forest types, as follows: Warm dry Douglas-fir ponderosa pine and fir, cool moist fir, and cold
dry subalpine forest types (Table 3).

Table 3. Summary of fuel types, treatments, and estimated average fuel loadings in megagrams
per hectare. Ground fuels include duff and litter, fine woody includes 1–100 h woody fuel, coarse
woody includes 1000 h and larger sound and rotten woody fuel, and canopy includes over-, mid-, and
lower-canopy loading.

Fuel Scenario Non-Lethal Mixed, Cool Wet Mixed, Cool Dry All Stands

Ground UNW 43.9 14.6 55.4 41.0

TRX 68.8 14.1 62.1 61.4

PTW 10.8 4.9 27.6 11.0

Fine Woody UNW 11.4 10.8 5.8 11.0

TRX 17.9 28.5 9.2 18.6

PTW 1.6 4.7 3.8 2.2

Coarse
Woody UNW 32.7 38.1 13.7 32.3

TRX 58.7 39.0 15.0 53.6

PTW 10.5 29.4 7.6 12.8

Canopy UNW 38.6 63.9 70.2 43.7

TRX 11.0 30.5 43.7 15.5

PTW 11.2 30.5 47.5 15.7

Next, adjustments were made to the species composition and tree density pre- and post-treatment,
based on the forest silvicultural prescription [22]. Pre- and post-treatment canopy base heights were
adjusted to match those of the FVS-FFE outputs [23]. We applied tree density and canopy base height
values to FCCS’s mid and under story in the same proportions they were represented in the default
fuelbeds relative to the overstory (i.e., if the FCCS default contained half the tree density in the overstory
and half in the mid story, we applied half the tree density from the data in the overstory and half in the
mid story). To determine the percent of canopy cover, another FCCS input, we used remote sensing
of fine scale imagery to obtain an estimate of the canopy cover within each proposed treatment area
prior to the Pioneer fire. One-meter resolution National Agriculture Imagery Program (NAIP) imagery
from 2015 was classified into four cover classes, as follows: Tree canopy, herbaceous, bare ground,
and shadow, as shown in two example stands in Figure 3. We used a maximum likelihood supervised
classification technique in the Image Classification tool in ArcGIS. Canopy cover for the treatment
area was calculated by dividing the proportion of tree canopy plus shadow by the sum of tree canopy,
herbaceous, and shadow. Bare ground was excluded from the denominator to exclude rocky outcrops
and roads from the canopy cover estimate.
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Figure 3. Illustration of canopy cover mapping for two stands. Aerial photos (NAIP 1 m resolution)
of two stands (A,B) and corresponding maximum likelihood classifications (C,D). Canopy cover for
images (A,B) was estimated at 70.9% and 94.2% via classified images (C,D).

FCCS base fuel loadings for fine and coarse woody fuels, duff, and litter, were used for the
pre-treatment fuelbeds. The FCCS base fuel loading values for TRX and PTW fuelbeds were adjusted
in consultation with the District Fuels Assistant Fire Management Officer [28] to ensure we modeled
the UNW, TRX, and PTW woody fuel for that forest as closely as possible (Table 3). Shrub cover by
species was also reviewed and adjusted as needed during this consultation. The resulting customized
fuelbeds for pre-treatment, post-mechanical treatment, and post prescribed fire treatment are available
for download as supplemental material to this article.

2.5. Emissions Modeling and Inputs

Emission modeling was simulated using the Fire Environment Research Application’s Fuel and
Fire Tools (FFT) modeling suite [29], version 2.0.1022. This application provides for the creation and
customization of FCCS fuelbeds and incorporates the Consume fuel consumption and emissions
model (https://www.fs.fed.us/pnw/fera/research/smoke/consume/), with which we produced emissions
estimates for each scenario, including those for carbon monoxide and dioxide, particulate matter
2.5 and 10, methane, and non-methane hydrocarbons. We chose this approach because Consume
is frequently used to address consumption and emissions in many fire and air quality applications,
including the BlueSky modeling framework [30], the Wildland Fire Emissions Information System [31],

https://www.fs.fed.us/pnw/fera/research/smoke/consume/
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and the US National Emissions Inventories [32]. In addition to the fuelbeds developed earlier, the
model requires fuel moistures and estimates for canopy and shrub consumption.

The TRX woody fuel and duff moistures were taken from the proposed prescription conditions
(Table 4) to represent moistures typical in the fall prescribed burning season. UNW and PTW woody
fuel moistures were taken from the Forest Service Wildland Fuels Assessment System (WFAS) [26],
which reported measured fuel moistures from the Town Creek site between 27 and 31 July 2016 (Table 4).
This site location was the closest Remote Automated Weather Station (RAWS) in location and elevation
to the burn area and the date range matches the time the wildfire burned through the treatment area,
according to the fire progression information as reported by GEOMAC [33]. Measured duff moistures
are not included in WFAS, so these values were therefore taken from the Forest Fire and Fuels Report
for the wildfire and prescribed fire. Litter moistures for prescribed and wildfire scenarios were derived
using the fine woody fuel moistures for various size classes and their inclusion in the litter layer at
various depths [34].

Table 4. Inputs used to populate the Fuel and Fire Tool [29] runs for each scenario.

Condition TRX UNW & PTW

1000 h FM 25% 1 9% 4

Duff FM 125% 1 35% 1

Litter FM 13% 2 4% 2

Days Since Rain 4 3 NA
Ignition Time 5 h 3 NA

1 Forest Fire and Fuels Report [23]; 2 Estimated based on relationship to woody fuel moisture [34] for prescribed fire
[23] and wildfire [26]; 3 Representative values later verified [28]; 4 WFAS records for the days the wildfire burned
through the area, 27–31 July 2016.

To represent canopy and shrub consumption for each stand during the UNW scenario, we used the
MTBS fire severity map generated for the 2016 Pioneer fire and assigned a severity class to each stand
based on that reported for the majority of pixels within that stand. If severity was missing from the
data, high severity was assigned to the stand. Once severity was assigned, the corresponding canopy
and shrub consumption was assigned using the FireMon Burn Severity Composite Burn Index long
form [35], assigning 90% and 60% canopy kill for high and moderate severity stands, respectively, and
98% shrub kill for all stands. For TRX, canopy kill from the FVS-FFE output [23] was used and shrub
kill was set as 20%, a low severity based on FireMon [35]. For the PTW scenario, the FVS-FFE output
was used for canopy kill and 70% kill for shrubs, corresponding to moderate severity [35]. The TRX
conditions describing days since rain and duration of ignition were verified by forest personnel [28].

2.6. Statistical Analysis

The difference in emissions production for the 16 stands under the four emission scenarios
was statistically tested in R Statistical Software, version 3.5.0 [36]. Levene’s test for homogeneity of
variance [37] indicated the results met the assumptions required for parametric analysis. Significant
differences at the alpha = 0.05 significance level was first tested using one-way analysis of variance [38].
If significant differences were detected, further pairwise testing to identify the specific group differences
was conducted using Tukey’s honestly significant difference (HSD) test [39].

3. Results

Modeled emissions for each pollutant type (CO, CH4, PM2.5, etc.) from TRX are 2–46% lower
than those generated in a wildfire event in untreated stands (UNW), varying by pollutant, except
for CO2 and hydrocarbons, for which the percent decrease was not significant. The difference for
each pollutant is displayed in Figure 4. For PTW, the modeled emissions are less than a third of the
emissions generated by UNW (Table 5, Figure 4), regardless of pollutant type.
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Figure 4. Box plots indicating modeled emission results for specific pollutants for all stands given
each treatment scenario (untreated wildfire (UNW), post mechanical thinning prescribed fire (TRX), a
wildfire occurring after treatments had been completed (PTW), and the overall combination of TRX
and PTW (COM)). The bottom of each box shows the 25th percentile, the horizontal line indicates the
median, and the top of the box indicates the 75th percentile. Dashed lines display the smaller of either
the maximum value, or 1.5 times the interquartile range, and dots indicate outliers. Asterisks indicate
the significant difference (P < 0.05) from UNW.

Table 5. Mean emissions in kilograms per hectare for each pollutant, under each modeled scenario,
and mean total fuel consumed, in megagrams per hectare.

Pollutant/Fuel UNW TRX PTW COM

Fuel Consumed 89.7 103.1 26.9 130.0
CH4 345 259 104 363
CO 7551 4080 2269 6348
CO2 144,216 140,946 43,315 184,261

NMHC 270 222 81 303
PM10 1384 1010 416 1426
PM2.5 974 629 293 921

Next, we combined emissions from TRX and the wildfire burning through the post-treatment
landscape (PTW) to give an overall comparison (COM). CO2 emissions for COM were higher than
(UNW), while other pollutants were not found to differ significantly from a statistical perspective.
However, it is important to note that the COM scenario is composed of two events, the prescribed
fire treatment emissions and a post-treatment wildfire, which would take place at different points
in time. Thus, the emissions result from two lower intensity events relative to wildfire in untreated
forest stands.
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Components of the fuelbed (ground, fine and coarse woody material, pile, and canopy fuels)
contributed to different proportions of the emissions, depending upon the fire scenario (Figure 5).
For UNW, canopy and ground fuel (duff and litter) produced most of the emissions, followed by
coarse and fine woody debris, respectively. When prescribed fire was modeled for the fuel left
from-mechanical-thinning (TRX), overall loading was higher, but consumption was lower and most
emissions came from coarse woody debris, piles, ground fuel, and fine woody fuel consumption,
respectively. This difference is expected given that the mechanical treatments add woody fuel to the
forest floor and reduce the fuel loading and density in the canopy. In the PTW scenario, the greatest
emissions were produced from the canopy, followed by coarse woody fuel, ground fuel, and fine
woody fuel, respectively.
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4. Discussion

4.1. Emission Production

The modeled lower emissions in the TRX scenario, compared to the UNW scenario, are due to a
combination of lower canopy fuel consumption and running the model under the higher fuel moistures,
typical of fall season prescribed fire. Focusing on the fuel aspect, the most obvious difference is the
consumption of canopy fuel (Figure 5). Canopy fuel loading was 64% lower and canopy consumption
was 96% lower for the TRX, compared to UNW. The lower canopy fuel loading was due to the reduced
tree density and increased canopy base heights [22,23]. In addition to lower available fuel loading
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there was also significantly lower canopy consumption in the post-treatment (PTW) scenario. FFT does
not calculate percent of the canopy burned. Rather, the user provides the model with that information.
In our case, we used the MTBS fire severity geospatial layer to assign a wildfire severity for each
stand and correlate the percent of canopy consumption to that stand. This correlation was performed
by cross-walking severity to canopy mortality, according to Key and Benson [35]. Since many of
the stands were mapped under high fire severity, a higher percent consumption was assigned in the
UNW scenario.

A higher ground fuel consumption in UNW also contributed to the higher emissions, relative to
that of the post-treatment stands (TRX). This is important not only due to the change in quantity of
fuel consumed, but also combustion efficiency. Combustion of fuels prone to smoldering, such as duff

and coarse woody debris, is associated with higher emission factors [40,41]. The higher combustion
efficiency of flaming combustion, such as that typical of burning piles, often produces lower particulate
emissions but a higher CO2:CO ratio [14]. We suspect this is the reason for the higher CO2 emission
released in the COM modeling scenario. The post-treatment fuelbeds indicated a mean consumption
reduction of 4%, relative to the wildfire scenario, even though the loading of these fuels was 36%
higher due to treatment activity. These differences are likely due to the higher percent fuel moisture
in the post-treatment prescribed burn scenario, 125 and 13 percent fuel moisture for duff and litter,
respectively, compared to 35 and 4 percent fuel moisture under a wildfire scenario.

It is important to note the relatively high woody fuel loading in our TRX scenario (fuels resulting
from mechanical thinning activities). These fuel loads exceed those of other mixed conifer stands where
thinning activity fuel is not present [42–44] and matches those of post logging fuels [45]. The high
woody fuel loading is due to the combination of material that would have been left on the ground from
treatment activities, as well as the wood piles that would also be present. For simplicity, we reported
the burning of these under the one TRX scenario, however in practice the forest would burn the piles
at one point in time and return to conduct a broadcast burn to remove the rest of the fuels later. During
the time these fuels are left on site, before they could be burned, they would increase the overall fire
hazard [23]. If such fuels had not been removed, either by controlled burning or removal from the
site, they would have the potential to continue to increase the fire and smoke hazard. The increase
in hazard when activity fuels are left on site has been recognized in research by Bernau et al. [46].
PTW shows a similar pattern in consumption to that of UNW. However the overall fuel loading is
greatly reduced in the PTW fuelbeds, thus there is far less fuel to consume. It is important to note that
fire exclusion had allowed for several decades of fuel accumulation in our study area.

We found total mean emissions from the TRX scenario to be approximately 5% lower than modeled
UNW emissions. This difference is less than that reported by Huff [17] or Ottmar [15]. Huff’s work,
however, only evaluated PM10 and Ottmar focused on fuelbeds with similar fuel loading, where burn
conditions (wild and prescribed) varied, considering the influence of fuel moisture and canopy fuels,
but not the addition of activity fuels generated in thinning treatments, as is the case in our scenario.
This is a different approach than our study, which evaluated emissions from untreated fuel loading
under wildfire conditions, emissions in stands where the surface fuel loading was increased because of
thinning and burned under prescribed conditions, and finally emissions from a wildfire in the new
post-thinned and post prescribed burn landscape. The impact of treatments (TRX) represented for our
study can be summarized as a shift of fuel from the overstory to the surface as stands are thinned,
followed by the removal of that fuel by burning, to achieve a more resilient stand in the event that
future wildfires occur (Figure 6).

The overall reduction in emissions following a treatment is broadly in agreement with results from
Stevens et al. [18], who modeled emissions from treatments using Consume in Sierra Nevada’s mixed
conifer forest, as well as Johnson et al. [19], who evaluated salvage logging and pile burning. Our study
supports the findings of previous research, while providing a detailed example of southern Idaho
mixed conifer emissions, when fuel from mechanical thinning is left and burned under prescribed
conditions, and emissions generated in the event of a post-treatment wildfire. There is a need for
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future studies that account for both differences in fuel and smoke dispersion mechanisms to inform the
comparison between wildfire and prescribed fire emissions.
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PM2.5 emission values from our comparison. Scenarios illustrated are the following: UNW—untreated
fuels burned in wildfire, TRX—prescribed fire in activity fuels left from thinning, and PTW—a wildfire
ignited on the post-treatment landscape.

Another key aspect of emission production is the emission factors employed by a model.
In addition to fuel loading, consumption, and moisture, emission factors also contribute to differences
in emission characteristics between scenarios. Of the emissions modeled herein, CO2 makes up
the greatest percentage of the emissions, exceeding the mass of fuel consumed. The CO2 emission
factor has remained similar in past versions of Consume and represents such a large proportion of
overall emissions due to the nature of wood combustion. If this study were repeated with future
planned versions of emissions modeling software, we would expect the relative relationship between
treatments and emissions quantities to be similar. However, the quantity of emissions, specifically
particulate matter, may likely be different. Recent emission factor research indicates a PM2.5 range of
12.7–25 g/kg [41,47,48], roughly double those in the version used here. However, the version of FFT
available at the time of this writing employs PM2.5 emission factors of 4.8–11.8 g/kg for a mixed conifer
forest, depending upon the combustion efficiency (flaming or smoldering combustion) [29,49].

4.2. Emissions from Prescribed Fire and Wildfire

We quantified differences in modeled smoke emissions between wildfire and prescribed fire
scenarios. For all pollutants, the untreated wildfire (UNW) resulted in higher mean emissions compared
to post mechanical treatment fuels burned with prescribed fire (TRX) or a wildfire occurring post
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treatment (PTW) (Table 5). Additionally, emissions generated in the prescribed fire phase are conducted
under planned conditions. Before treatments are implemented, significant attention is given to ensure
land management objectives are met. This planning process helps ensure that values, such as wildlife
habitat, recreation, water quality, soil, and others, are not negatively impacted. Additionally, the
planning process provides opportunity to avoid air quality impacts by varying the burn ignition,
timing, and selecting days with acceptable meteorological conditions to disperse smoke. None of these
opportunities are generally afforded in a wildfire scenario, a distinction noted by other researchers [50].

The scope of our study focused on the overall emissions produced by fire per hectare. However,
another important aspect of smoke impact is the dispersion of smoke and the trajectory it travels as it
leaves the burn site. In the case of prescribed fire, ignition can be chosen to coincide with meteorological
conditions that minimize smoke exposure to populated areas [14] and thereby minimize health hazards
to humans.

The timing of fire events is important to consider when comparing emissions from wildfire and
prescribed fire. It is notable that our modeled prescribed fire emissions, and simulated post-prescription
wildfire, are two events that would occur at different points in time. Each produced lower emissions
than the untreated wildfire scenario, which would have occurred at a single point in time. In our case,
most of the project area burned by the actual 2016 Pioneer fire was consumed within a seven-day span.
Conversely, the treatments proposed for the area by the Boise National Forest were planned to occur
over multiple years. Thus, when such a temporal scale is considered, the annual smoke emission
impact of the treatment scenario would be even lower.

The fact that this area burned in a wildfire before mechanical and prescribed fire treatments could
commence underscores the pressing need for fuel treatments, an issue not unique to Idaho. Nationally,
Vaillant and Reinhardt [51] compared historical disturbance regimes on National Forest lands to current
levels of hazardous fuel treatments and concluded that approximately 45% of forest lands that would
have historically experienced fuel reducing disturbances currently do not. Thus, 45% of forest lands
could benefit from actions to reduce fuel loadings or the restoration of natural processes that would
reduce fuel loading.

4.3. Study Limitations and Future Challenges

As a case study, our conclusion is limited to our representative area, the mixed conifer Becker
Project Area. The project area we focused on was located within the greater Pioneer fire perimeter.
Thus, we could not consider the impact of the greater area burned in the Pioneer fire on overall smoke
impacts, but rather we focused on the per-hectare impact comparison. Additionally, our study area
occurred in the western US, as did other similar studies [18,19]. Further, our study focused on emissions
where fuel accumulation from thinning treatments was removed by pile and broadcast burning. Future
case studies could address other treatment variants or fuel treatments in different ecosystems, such as
fuel treatments in broadleaf or longleaf pine (Pinus palustris) forests of the southeast, many of which
experience prescribed fire frequently and would, thus, be likely have much lower fuel loading when
burned. There is also opportunity to compare the influences of targeted grazing or juniper (Juniperus
spp.) removal performed in xeric systems, which are different in vegetation structure than either
western mixed conifer or southeastern forests.

A greater need, especially from a national policy standpoint, is to better understand the emission
implications of wildfire and prescribed fire on a landscape and a national scale. Recent work by
Urbanski and others [52] developed an emissions inventory for the United States, but this focuses
on overall emissions from fire and was not intended as a comparison between wild and prescribed
fire. EPA’s National Emission Inventory, conducted every three years [53], provides cumulative
representations of smoke sources and is therefore difficult to use for comparisons of individual events.
The challenges for researchers who pursue smoke assessments also include the difficulty in quantifying
and mapping fuels [54]. Quantifying the area burned by wild and prescribed fire, for equivalent
vegetation types, is also a challenge given the difference in fire reporting data methods and sources.
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Verification of results can also be difficult. While we referred to other published data to infer the
realism of our results, the entire project area burned in 2016, thus our treatment scenarios may be
modeled but could not actually be implemented in the field. Recent broad scale efforts are currently
underway by other researchers to record large detailed datasets to build and verify operational fire
and smoke models [55], which will be quite valuable.

Modeling frameworks are often employed to analyze emissions from different smoke data
sources. Research on modeling frameworks to project emissions from fire is ongoing [56,57]. Currently,
BlueSky [58] is one of the most complete online modeling frameworks for characterizing fuels and
estimating emissions and their transport. The BlueSky framework uses FCCS to quantify fuels,
Consume to estimate emissions, and Fire Emission Production Simulator (FEPS) to represent the timing
of emission release, the same underlying models that compose FFT [29], the desktop application we used
in this study. There are several other online systems designed to address various aspects of wildland
fire. Smartfire 2 [59] provides a fire activity tracking database for emissions inventory purposes.
Broadening into the planning and operations fields, the Interagency Fire Decision Support System
(IFTDSS) currently provides fire behavior and comparison capabilities geospatially, but fire effects
have not yet been built into the system [57]. These frameworks have made fire effects representation
much more efficient, relative to the previous broad spectrum of independent fire modeling and effects
software applications that were, and still are, available to be run locally on individual computers.
Perhaps, in the future, integration between these or similar systems will make modeling scenarios for
emissions more efficient and uniform across the country. Enabling outputs from one framework to
import into another would help facilitate emissions quantification for users. Furthermore, offering
such tools in an online environment aids in the ability to store, back up, and share data and results.

5. Conclusions

In a case study in a temperate mixed conifer forest we modeled emissions under scenarios
representing a 2016 wildfire and compared those with a scenario representing planned fuel treatments.
We found the emissions generated by the treatment process to be lower than those generated in a
wildfire. Modeled wildfire emissions in a post-treatment scenario were considerably lower than
emissions generated in a wildfire in untreated forest stands. When combined, modeled emissions from
the treatment and a post-treatment wildfire were together not significantly different than emissions
generated from a single wildfire in untreated stands, except for CO2 which showed an increase. These
cumulative emissions, however, are composed of two separate events occurring at different times,
therefore the impact on air quality would be lower once temporal scale is considered. This temporal
distinction also provides opportunity for managers to plan when and where the emissions from a
prescribed fire will occur. For fire dependent forests, fire is inevitable. Thus, the choice is not one of
fire suppression, but of choosing how and when fire burns and smoke is dispersed (through periodic
and planned emissions or uncontrolled heavy emissions from wildfire) [60]. Our study also highlights
the importance of considering smoke generated by fuels left on the site following thinning treatments.
Further case studies in different regions and at broader scales are recommended to address trade-offs
relating to smoke emissions nationally.
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