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Abstract

National forests in the western United States are divided roughly in half between lands without
roads managed for wilderness characteristics and lands with an extensive road system managed for
multiple uses including resource extraction. We investigated the influence of these land use
designations on fire ignitions, fire extent, and fire severity over the last three decades. Although
roadless areas experienced fewer fire ignitions and are generally cooler, moister, and higher
elevation landscapes less conducive to fire, wildfire extent was far greater in these areas than in
roaded areas. An area equivalent to approximately one-third of roadless areas burned in the last
three decades, while an area equivalent to less than one-fifth of roaded areas experienced fire. Most
of the largest fires that have burned on national forest land in recent years began in roadless areas.
Despite greater fire extent in roadless areas, there was no significant difference in fire severity
between roadless areas and roaded areas after accounting for biophysical differences between these
management regimes. Although fire patterns in roadless areas may pose challenges to land
managers, the available evidence suggests that the greater extent of fire in roadless areas may confer
resilience to these landscapes in the face of climate change.

1. Introduction

The number and size of wildfires in the western
United States has increased dramatically over the
last three decades, with significant social, economic,
and ecological consequences (e.g. Calkin et al 2015,
Sankey et al 2017, Bladon 2018). Understanding the
drivers of fire activity is important to help society
adapt to the new fire reality, particularly in the context
of anthropogenic climate change (North et al 2015,
Dunn et al 2020). Numerous studies have investigated
the influence of fuel dynamics, topography, and cli-
mate change on fire in the Anthropocene (e.g. Parks
etal 2014a, Keyser and Westerling 2017, Meddens et al
2018). This study examines the influence of public
policy on wildfire, specifically the influence of differ-
ent land use designations on fire ignitions, fire extent,
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and fire severity on national forest land managed by
the US Forest Service (USFS).

The USFS manages 20% of forestland in the
United States (1.5% of the global forestland total),
most of which is found in the 11 western states
(figure 1). For much of the agency’s 115 year his-
tory, US Congressional legislation emphasized devel-
opment of natural resources, e.g. the Multiple Use
Sustained Yield Act and the National Forest Manage-
ment Act (Clary 1986). In the last 60 years, protection
of landscapes from development has received increas-
ing attention from policy makers. In particular, the
Wilderness Act of 1964 provided for the creation
of wilderness areas to ‘preserve natural conditions’
The Wilderness Act required the USES to inventory
roadless areas not designated as wilderness pending
future Congressional action (Roth 1984, Booth 1991).
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Inventoried roadless areas not released for develop-
ment in the 1970s and early 1980s served as an ad
hoc administrative extension of the wilderness sys-
tem until 2001, when the Roadless Area Conserva-
tion Rule (‘Roadless Rule’) generally prohibited road
construction and commercial timber harvest in these
areas (USDA (US Department of Agriculture) 1972,
1979, Loucks et al 2003, Voicu 2010; see also Wyom-
ing Outdoor Coordinating Council v. Butz, 484 F.2d
1244 (10th Cir.1973)).

Decisions to protect roadless wildlands from
development have thus created two strongly con-
trasting management regimes: an actively managed
landscape with an extensive road system and a leg-
acy of resource extraction, and a passively managed
landscape with no roads and little or no history of
resource extraction (figure 1, table 1). Actively man-
aged roaded landscapes have been in the past and
continue to be subject to a wide variety of anthropo-
genic modifications including but not limited to tim-
ber harvest, road construction and maintenance, and
a wide variety of recreational developments. These
activities have been largely absent within roadless
areas. Passive management of roadless landscapes is
largely a matter of decisions about suppression of nat-
ural disturbances like wildfire.

Examining the influence of different manage-
ment regimes on wildfire is timely. Recent Congres-
sional legislation such as the Healthy Forest Restor-
ation Act of 2003, revisions to the National Forest
Management Act planning regulations in 2012, and
agency policy initiatives like the Collaborative Forest
Landscape Restoration Program emphasize restora-
tion of the natural fire regime to which different land-
scapes are adapted (Schultz et al 2012, Feldman and
Reimer 2019). Wildfire is a key disturbance process
that shapes the structure, composition, and function
of forests, and a better understanding of the influence
of passive vs active management on fire patterns is
critical for evaluating the ability of USFS managers
to meet forest restoration objectives (Johnstone et al
2016, Thompson et al 2018, Schultz et al 2019). In
this study we used USFS databases and satellite data
to determine if there are important differences in (a)
fire ignitions, (b) fire escape from initial suppression
efforts, (c) fire extent, and (d) fire severity between
passively managed wilderness and inventoried road-
less areas (‘roadless areas’) and the roaded portion of
national forest lands actively managed for multiple
uses (‘roaded areas’).

In this paper we report results from a com-
plete census of the extent and severity of wildfire
based on satellite data encompassing all USES road-
less and roaded areas. However, simple summaries
of ignitions, fire escape, fire extent, and fire sever-
ity between roadless and roaded areas may be an
inadequate basis for evaluating the influence of pass-
ive vs active management because land use decisions
that created different management regimes were not
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made at random. Many national forest wilderness
and inventoried roadless areas were originally des-
ignated in large part because these lands are gener-
ally rugged, high-elevation landscapes that are diffi-
cult to develop (DeVelice and Martin 2001, Hjerpe
et al 2017). Although roadless areas include extensive
dry and fire-prone forests, at the broad spatial scales
we consider, the history of wilderness and inventoried
roadless area designations means that these lands are
likely to be moister, cooler, and hence less conducive
to fire ignition and fire spread (Agee 1996, O’Connor
etal 2017).

We contextualized our comparison of fire activ-
ity across management regimes in several ways. First,
we characterized differences in annual precipitation
and maximum temperature between roadless and
roaded areas. These interannual climate variables are
good surrogates for differences in fuel abundance,
site productivity, and vegetation type that exert a
strong indirect control on the burning environment
(Dwyer et al 2000, Westerling 2008, Krawchuk et al
2009). Second, we compared area burned between
roadless and roaded areas within different western US
ecoregions with distinctive climates and vegetation
communities. Finally, we built statistical models that
estimated the influence of management regime on fire
probability and severity after accounting for temper-
ature, precipitation, slope, elevation, vegetation type,
and a wide range of other biophysical variables that
potentially influence the fire environment.

2. Data and methods

2.1. Study area and data acquisition

We investigated the influence of management regime
on fire ignitions, extent, and severity within national
forests in the 11 conterminous western US states (WA,
ID, MT, OR, CO, CA, NV, UT, CO, AZ, NM; figure
1). We limited our study to this geographic scope
because the vast majority of national forest lands
(82%) are found within these states and because the
USEFS has adopted lower size thresholds for protect-
ing roadless areas and wilderness areas in the east-
ern states. Also, many eastern US national forests
consist of formerly intensively managed private lands
acquired by the federal government, which com-
plicates inference about the effects of management
regime on fire pattern. Most USFS lands in the west
have remained in the public domain since Euro-
American colonization (Bramwell 2012). We delin-
eated national forest lands using USFS spatial data
layers and divided them into two categories: roadless
and roaded areas (figure 1, table 1). Roadless areas fall
within the administrative boundaries of lands pro-
tected by the Wilderness Act or inventoried roadless
areas protected by the Roadless Rule. Roaded areas
include the remainder of the national forest lands
managed for multiple use objectives.
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Figure 1. Map of the western states national forest study area showing ecoregions, roadless and roaded portions of USFS lands,
and 19842018 fire perimeters. Only federal lands managed by the USFS are shown. Numbers correspond to Environmental
Protection Agency (EPA) level III ecoregions: 1 = North Cascades; 2 = Northern Rockies; 3 = Canadian Rockies; 4 = Coast
Range; 5 = Cascades; 6 = Blue Mountains; 7 = Idaho Batholith; 8 = Middle Rockies; 9 = Northwestern Great Plains;

10 = Klamath Mountains/California High North Coast Range; 11 = Eastern Cascades Slopes and Foothills; 12 = Northern Basin
and Range; 13 = Central California Foothills and Coastal Mountains; 14 = Sierra Nevada; 15 = Central Basin and Range;

16 = Wasatch and Uinta Mountains; 17 = Colorado Plateaus; 18 = Southern Rockies; 19 = Southern California Mountains;

20 = Sonoran Basin and Range; 21 = Arizona/New Mexico Mountains; 22 = Arizona/New Mexico Plateaus; 23 = Madrean

Table 1. Descriptive statistics for western states national forest (NF) study area. All fire extent statistics reported in this paper are from
the period 1984 to 2018 and reflect the sum of fire extent in areas that have burned more than once. All fire severity (RANBR) statistics
are calculated from 1985 to 2017, corresponding with the MTBS database and available pre- and post-fire Landsat imagery.

Percent of Fire severity
NF burned area Percent of (mean RANBR
management Percent of Burned burned more = management weighted by
regime Area (ha) total NF area area (ha) than once regime burned fire extent)
Roadless 28 578 665 44% 8433 241 32% 30% 484
Roaded 36230 885 56% 6597 273 24% 18% 430
Totals 64 809 550 100% 15030514 — — —
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We evaluated the influence of roadless man-
agement on fire ignitions and probability of those
ignitions escaping initial suppression efforts using
the Fire Occurrence Database (FOD) maintained by
USEFS fire management staff. We defined escaped fires
as those ignitions that grew to be larger than 121 ha,
a size at which the USFS generally expects wildfire
to exceed initial attack capabilities (Fried and Fried
1996, Calkin et al 2005). At the time of our ana-
lysis the FOD included information about fire igni-
tion location and ultimate fire size for ~2 million
ignitions in the United States between 1992 and 2017
(Short 2017). Although other data sources, includ-
ing the Monitoring Trends in Burn Severity (MTBS)
program (see below), contain information about fires
prior to 1992 we used the FOD because 90% of area
burned in the study area occurred after 1991 and
because the FOD contains detailed information about
the spatial and temporal origin of fires (including fires
that did not grow to the minimum size mapped by
other data sources) essential for evaluating the influ-
ence of land use and biophysical variables on the fate
of wildfire ignitions.

To evaluate the influence of management regime
on fire extent we downloaded fire perimeter data from
the MTBS program (www.mtbs.gov), which at the
time of our analysis mapped all large (>405 ha) fires
in the United States between 1984 and 2017 (Eiden-
shink et al 2007, Finco et al 2012). We added fire
perimeter data compiled by the Geospatial Multi-
Agency Coordination (GeoMAC; www.geomac.gov)
to extend our fire extent data through the year 2018.
We excluded GeoMAC fire perimeter data for fires less
than 405 ha for consistency with MTBS fire perimeter
data.

To evaluate fire severity we created seamless maps
of the relative differenced normalized burn ratio
(RANBR) at 30 m resolution using Landsat satel-
lite time-series within each MTBS fire perimeter
(Kennedy et al 2018). RANBR is an objective meas-
ure of fire-induced changes in vegetation (i.e. tree
mortality) and soil reflectance that accounts for dif-
ferences in vegetation across different regions (Miller
and Thode 2007). We provide a detailed account of
our fire severity mapping methods as supplementary
materials (see supplementary materials S1 (available
online at stacks.iop.org/ERL/16/084040/mmedia)).

2.2. Data analysis

We summarized the total number of ignitions docu-
mented in the FOD across both roadless and roaded
portions of the western states national forest study
area. Then we estimated the influence of biophysical
variability and management regime on the probab-
ility of fire escape using generalized additive models
(GAMs) with a binomial distribution implemented
with the mgcv package in the R statistical environ-
ment (Wood 2004, 2006, R Core Team 2018). Many
of the ignitions on national forest lands catalogued in
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the FOD that occurred between 1992 and 2017 were
close together in time and space and may be tem-
porally and/or spatially autocorrelated. We included
individual national forest and year of fire as ran-
dom effects in models, reasoning that variability in
escape probability could be explained in part by the
resources available to individual administrative units
of the national forest system and the year in which
ignitions occurred.

We summarized fire extent across roadless and
roaded portions of the study area using the com-
plete inventory of area burned within our west-
ern states study area provided by MTBS/GeoMAC
data. To better understand variability in fire extent
across national forest lands, we summarized total
area burned in roadless and roaded areas within
each of 23 different level III ecoregions delineated
by the US Environmental Protection Agency loc-
ated within the study area (Omernik 1987). We do
not report results from 12 ecoregions that are com-
posed of less than 2% national forest land or in
which fire burned less than 1000 ha during the study
period.

To account for environmental differences
between roadless and roaded areas that potentially
influenced fire extent, we analyzed 100 000 points
randomly located across the study area. We con-
strained random location procedures so that points
were at least 500 m apart, a distance that the literature
suggests avoids spatial autocorrelation in fire effects
that could bias coefficient estimates (van Mantgem
and Schwilk 2009, Lanorte et al 2013, Kane et al 2015).
We examined autocorrelation function plots and per-
formed Moran’s I tests to ensure that there was no
significant autocorrelation among points. We estim-
ated the influence of management regime (roadless
or roaded) and a wide variety of biophysical vari-
ables (table 2) on the probability that these points
would fall within a 1984-2018 fire perimeter using a
GAM with a binomial distribution. We graphed the
probability of fire along 30 year average precipitation
and maximum temperature gradients because these
climate variables are key indirect controls of natural
fire regimes and good surrogates for environmental
variability at the broad spatial scales we considered
(Westerling 2008, Guyette et al 2012, Liu et al 2013,
Whitman et al 2015).

To evaluate differences in fire severity attribut-
able to management regime, we summarized mean
RANBR for the roadless and roaded portions of
fire perimeters between 1985 and 2017, leveraging
pre- and post-fire Landsat imagery spanning 1984—
2018. Like our summaries of fire extent, our sum-
mary of fire severity represents a comprehensive
census of fire across the study area. To account
for environmental differences between roadless and
roaded areas that potentially influence fire sever-
ity, we modeled the influence of biophysical vari-
ability and management regime on RANBR with a
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Table 2. Variables used as explanatory terms in models for fire escape, fire probability, and fire severity.

Variable Description Source
Fire year Year during which fire burned MTBS (www.mtbs.gov)
Fire type One of five fire classifications: wildfire, MTBS
wildland fire use, prescribed fire, complex,
unknown
Discovery Date (month and day converted to continuous FOD
variable) in which fire was first detected
Latitude y-coordinate in decimal degrees (North Calculated in GIS
American Datum 1983 projection)
Elevation Height above sea level (m) Digital elevation model (DEM)
Slope Steepness of slope (%) Calculated in GIS from DEM

Maximum temperature
Precipitation
Maximum summer vapor

pressure deficit

Topographic roughness index

Topographic wetness index

National forest

Thirty year average summer maximum
temperature (°C)

Thirty year average annual precipitation (mm)
Thirty year average difference between actual
vapor pressure and saturation vapor pressure
at the same temperature (hPa)

Focal pixel height above minimum elevation at
different (100-500 m) distances

Topographical control on hydrological process
calculated from upslope contributing area and
slope

One of 76 national forests

PRISM Climate Group
(www.prism.oregonstate.edu)
PRISM Climate Group
PRISM Climate Group

Calculated from DEM using
methods described in Tagil and
Jenness (2008).

Calculated from DEM using
methods described in Serensen
et al (2006).

USFS Geodata Clearinghouse

Management regime

One of two classifications: roadless

(https://data.fs.usda.gov/
geodata/)
USFS Geodata Clearinghouse

(inventoried roadless areas and wilderness
areas) or roaded (all other national forest

lands)
Ecoregion One of 35 EPA level III ecoregions
Biophysical setting One of 149 vegetation classifications

Existing Vegetation Type
US National Vegetation
Classification
Forested

unforested

One of 432 vegetation classifications
One of 23 vegetation classifications

Binary variable indicating forested or

EPA (www.epa.gov/eco-research/
level-iii-and-iv-ecoregions-
continental-united-states)
LANDFIRE (www.landfire.gov)
LANDFIRE

LANDFIRE

Hansen et al (2013)

GAM using the subset of the 100 000 random points
(20% of points) that fell within 1985-2017 MTBS fire
perimeters.

Our goal with statistical models was to determine
if management regime had a significant influence on
fire escape, fire extent, and fire severity given envir-
onmental variables that influence fire. All continu-
ous variables were modeled as smoothed functions
in order to capture non-linear relationships between
the fire response and environmental gradients. All
categorical variables, including management regime,
were modeled as parametric variables. We tested a
variety of different vegetation classifications in wide
use as predictor variables in models (table 2) and
used the vegetation classification that explained the
most variability in the response. We report the influ-
ence of management regime to be significant when
confidence intervals (alpha = 0.05) for the effect of
roadless and roaded management on the fire response
examined do not overlap.

A number of the continuous environmental vari-
ables that we tested as explanatory variables for
fire escape, fire extent, and fire severity responses
were correlated. For instance, maximum temper-
ature was strongly correlated with elevation and
latitude. We evaluated full models that included
all biophysical variables and parsimonious models
created using forwards and backwards model selec-
tion procedures that maximized deviance explained
and minimized Akaike Information Criterion while
eliminating terms with concurvity indexes that
exceeded 0.60. Previous research suggests that this
threshold provides a conservative approach to elim-
inating variables that describe similar environmental
gradients (Johnston et al 2019). Because there was
little difference in the estimated effect of manage-
ment regime between full and parsimonious mod-
els, we report results from parsimonious models to
improve interpretability. Model specifications and
a detailed summary of our statistical methods are
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Table 3. Summary of fire ignitions from the FOD.

Total ignitions  Escaped ignitions

Mean fire
size (escaped
fires) (ha)

Maximum
fire size (ha)

Mean fire size
(all fires) (ha)

Roadless
Roaded

48 577 1925
145 574 1977

38 3638
146 2690

217 741
103 428

found in supplementary materials (see supplement-
ary materials S2).

3. Results

3.1. Roadless and wilderness designations

are associated with fewer ignitions but more
escaped fires

Of the 194 151 total ignitions within the western US
national forest study area currently documented in
the FOD, 3902 (2% of the total) escaped initial sup-
pression efforts and grew to be >121 ha. The major-
ity of ignitions (74% of the total) occurred within
the roaded portion of the national forest landscape,
but an almost equal number of fire ignitions (1925)
escaped initial control efforts within roadless areas
as escaped within roaded areas (1977). Of fire igni-
tions in roadless areas, 4% escaped control compared
to 1.4% of ignitions in roaded areas. GAM models
indicated that management regime exerted a signific-
ant influence on probability of fire escape even after
accounting for topographic ruggedness, slope steep-
ness, vegetation type and other factors that influ-
ence the ability of managers to suppress fires. Escaped
fires that began in roadless areas grew to be one-third
larger than escaped fires that began in roaded areas
(table 3). Of the 20 largest fires on national forest land
from 1984 to 2018, more than three-quarters began
within roadless areas, which account for slightly less
than half of the total area of western US national
forests (table 4).

3.2. Roadless and wilderness designations are
associated with greater fire extent

Roadless areas were associated with a far greater
extent of fire relative to roaded areas. Between 1984
and 2018, an area equivalent to 30% of the total area
of roadless lands experienced fire, whereas an area
equivalent to 18% of roaded areas experienced fire
(table 1). This difference is striking because road-
less areas within the western states national forest
study area contained a larger proportion of cooler and
moister environments than roaded areas (figure 2).
Management regime exerted a strong influence on
the probability of fire even after accounting for veget-
ation type and biophysical variables. The general
shape of the fire probability response while hold-
ing other vegetation and biophysical variables con-
stant was similar across climate gradients in road-
less and roaded areas (figure 3). In both roadless and
roaded landscapes, probability of fire was lowest in

6

very cool and moist settings where climate is less con-
ducive to fire and in very hot and dry settings where
fuel is sparse. Probability of fire was highest in areas
with precipitation sufficient for fuel to accumulate
and dry conditions suitable for fire spread (Krawchuk
et al 2009, Pausas and Ribeiro 2013, Whitman et al
2015). However, the probability of fire was signi-
ficantly higher in roadless areas across these gradi-
ents. There was little overlap in confidence intervals
for estimates of probability of fire in roadless and
roaded areas except within temperature and moisture
regimes where fire was relatively rare (figure 3).

Although roadless areas were associated with a
substantially greater extent of fire than roaded areas,
there was enormous variability in the extent of fire
within different ecoregions (figure 4). Some ecore-
gions with extensive national forest land such as the
Northern Rockies and Wasatch and Uinta Mountains
have experienced relatively little fire, with fire evenly
distributed between roadless and roaded areas. Other
ecoregions with extensive national forest land such as
the Idaho Batholith and Arizona/New Mexico Moun-
tains have experienced extensive fire and a notably
greater extent of fire in roadless areas. Several ecore-
gions stand out for the dramatic extent of fire in road-
less areas, particularly when including multiple over-
lapping fires (i.e. reburn). An area equivalent to 86%
of the large (1090 342 ha) national forest area man-
aged as roadless wilderness in the Klamath Moun-
tains/California High North Coast Range ecoregion
burned between 1984 and 2018, while only 40% of
the roaded portion of this ecoregion experienced fire
during the same period. Similarly, an area equivalent
to 100% of the relatively small (280 782 ha) roadless
national forest land in the Central California Foothills
and Coastal Mountains ecoregion burned during the
same time period compared to 67% of the remaining
roaded lands. Approximately 15% of total fire extent
across the western states study area between 1984
and 2018 occurred within the roadless portion of
the Idaho Batholith ecoregion. We provide a detailed
summary of fire extent and severity in different eco-
regions as supplementary materials (supplementary
materials table S3.1).

3.3. Roadless and wilderness designations do not
influence fire severity

Management regime had no influence on fire sever-
ity in any of the statistical models we tested. The
difference in mean RANBR between roadless and
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Figure 2. Area of roadless and roaded western states national forest lands along two axes: annual precipitation and maximum
temperature. Denser areas correspond to a greater proportion of the landscape located within that precipitation and temperature
range. Vertical and horizonal lines represent mean annual precipitation and mean maximum temperature of roadless and roaded
areas. Roadless areas are generally cooler and moister and hence less conducive to fire than roaded areas.
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Figure 3. Probability of fire at randomly located points across western US national forests along temperature and precipitation
gradients in roadless and roaded areas. Thick line shows estimated probability of fire and transparent areas around the line show
confidence intervals (alpha = 0.05) for the estimate. Probability of fire in roadless areas is higher across the maximum summer
temperature gradient and peaks within cooler landscape settings than in roaded areas. Probability of fire is the same or higher in
roadless areas across the annual precipitation gradient.
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roaded areas was negligible given the wide range
of RANBR values in our dataset (figure 5, table 1).
Vegetation type and biophysical variables that influ-
ence the distribution and abundance of vegetation
including elevation, annual precipitation, and max-
imum summer temperature explained as much as
17% of the variance in the severity response com-
pared to approximately 1% of the variance explained
by management regime. Confidence intervals for
the estimated effect of management regime on
RANBR overlapped zero in all models we tested that
included both vegetation and biophysical variables.
There were no consistent differences in fire sever-
ity between roadless and roaded areas at the scale of
individual ecoregions (see supplementary materials
table S3.1).

4, Discussion

4.1. The influence of management regime

and biophysical variability on fire

The greater incidence of fire ignitions in roaded areas
but the greater extent of fire in roadless areas that
are generally less conducive to fire is most likely
related to three factors. First, proximity to developed
areas is associated with more ignitions (Balch et al
2017). Second, a lack of road access limits deploy-
ment of the full range of suppression tools avail-
able to managers to control fires in roadless areas
when they are small (Dunn et al 2017). Third, large
remote landscapes allow managers flexibility to allow
fires to burn when these fires are compatible with
resource management objectives or when suppression
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Figure 5. Fire severity as measured with RANBR (a
remotely sensed spectral index of vegetation and surface
change due to fire) across all fire perimeters within the
western states national forest landscape from 1985 to
2017. Some observations well above or below the mean
were omitted for ease of visual observations. RAINBR
reported in this figure was calculated for 30 m pixels
within all fire perimeters. A random subsample of
RANBR pixels was used in statistical analysis of fire
severity between roadless and roaded areas—see data
and methods.

Roadless

resources are strained by numerous large fire events
(van Wagtendonk 2007, Haire et al 2013, Thompson
et al 2017). Both human infrastructure and human
ignitions are increasing rapidly within the wild-
land urban interface (Mietkiewicz et al 2020). These
trends, in conjunction with spiraling fire suppression
costs, may ultimately result in divergent fire regimes,
with fires in roaded areas influenced primarily by the
exigencies of suppression efforts while fire extent and
severity in roadless areas become increasingly self-
organized (Riley et al 2018).

Although differences in fire escape and fire extent
are strongly associated with management regime,
our statistical analyses demonstrate that the primary
drivers of fire severity across the national forest land-
scape are differences in the fire environment and not

] D Johnston et al

land use designations per se. The small difference
observed in fire severity between roadless and roaded
areas (figure 5, tables 1 and S3.1) likely reflects dif-
ferences in the abundance of different tree species
between these management regimes. Trees growing
in roadless sites with generally greater moisture avail-
ability and lower temperatures are less fire tolerant
and more susceptible to mortality from fire than spe-
cies found in drier, lower-elevation landscape set-
tings (Dunn and Bailey 2016, Johnston et al 2019,
Stevens et al 2020). Even without accounting for dif-
ferences in mortality attributable to differences in
species composition and the fire environment, the
difference in fire severity between roadless and roaded
areas is minor. For example, one study that calibrated
Landsat-derived RANBR with plot-based fire sever-
ity data in the Pacific Northwest found that the mean
fire RANBR values for roadless vs roaded areas across
our study corresponded to 58% and 52% mortality of
overstory trees from fire (Reilly et al 2017).

4.2. Management and policy implications

Limiting smoke exposure to vulnerable populations
and reducing risk to water supplies, habitat, and
human infrastructure from uncontrolled ‘mega-fires’
are important goals of policy makers (McKenzie et al
2014, Vaillant and Reinhardt 2017). Mechanical fuel
treatments are a commonly used tool to accomplish
these objectives (Stephens et al 2012), but more than
half of all fires, including most of the largest fires in
western US national forest lands, burn primarily in
roadless areas where mechanical treatments are gen-
erally prohibited (tables 1 and 4). The extent of fire
in landscapes where management options are limited
drives home the need to adapt to fire rather than over-
come fire in the American West (Dunn et al 2020).

Feedbacks between biophysical and policy sys-
tems may compound divergent trends in fire extent
between roadless and roaded areas. The USES is
placing an increased emphasis on firefighter safety,
which will result in fewer fire engagements in remote,
complex terrain that are associated with firefighter
casualties and which are more prevalent in road-
less areas (Page et al 2019). Additionally, the greater
extent of fire in roadless areas means that new fires
are more likely to occur within previous fire perimet-
ers. Suppressing these new ignitions may be extremely
difficult and unsafe because of extensive patches of
dead trees and difficult medical evacuation, poten-
tially leading to a greater number of fires escaping
initial suppression efforts in the future (Dunn et al
2019).

The disproportionate extent of fire in roadless
areas may present challenges for managers depend-
ing on their objectives. For instance, roadless areas in
coastal southern California are associated with large
and costly fires that pose significant risk to adjacent
densely populated communities (Keeley et al 2009).
In other regions, repeated fire in dry mixed-conifer
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forests may result in new vegetation states with funda-
mentally different habitat potential (Coppoletta et al
2016, Serra-Diaz et al 2018, McCord et al 2020). Man-
agers may need to adjust conservation strategies for
sensitive species that rely on closed canopy forests
within areas that are dominated by roadless areas
given the extent of fire associated with this man-
agement regime (Spies et al 2006). For instance, in
the Klamath ecoregion, a network of late-successional
reserves designed to protect and restore habitat for
the northern spotted owl (Strix occidentalis caurina)
and other old-growth associates is anchored within
roadless areas (Reilly et al 2018, Spies et al 2019). The
extent of fire in these areas may require managers
to conserve additional complex older forest within
the roaded portion of the landscape or to develop a
dynamic reserve system in which reserves are realloc-
ated based on disturbance-mediated changes to hab-
itat (Spies et al 2018).

Despite these challenges, in many areas through-
out the western states, fire associated with manage-
ment for roadless and wilderness characteristics has
the potential to confer resilience in the context of cli-
mate change. Fire suppression has sharply reduced
wildfire activity on national forest lands over the last
100-150 years, and most western forests are in a ‘fire
deficit’ relative to the natural fire regime (Marlon et al
2012, Parks et al 2015). Lack of fire has resulted in
increased forest density, shifts in species composition,
and loss of resiliency to fire, drought, and insect out-
breaks (Hessburg et al 2005, Stephens and Fulé 2005,
Collins et al 2011). A number of recent studies have
shown that forests in wilderness and roadless areas
that have experienced multiple fires are less likely
to experience stand-replacing fire and are recover-
ing structural and compositional characteristics that
were prevalent prior to Euro-American colonization
(Larson et al 2013, Parks et al 2014b, Coop et al 2016).
Climate change will increase flammability of most
forests in the American West, and recent fire occur-
rence has a strong potential to moderate future fire
effects and promote more diverse landscapes (Parks
et al 2016, Hurteau et al 2019).

5. Conclusions

Decisions to conserve the wild and roadless char-
acteristics of almost half of western US national
forest lands has resulted in a landscape-scale exper-
iment that contrasts the effects of passive and active
approaches to accomplishing management object-
ives. A broad range of management tools, including
mechanical thinning, prescribed fire, and wildland
fire will continue to be employed to accomplish
objectives on the roaded landscape (North et al 2012).
Absent significant policy changes, wildland fire will
continue to be the primary tool available to accom-
plish fuel management objectives within roadless
areas (North et al 2015). Managers and scientists
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should collaborate to quantify the degree to which
objectives are being accomplished within different
management regimes across time and space.
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Acknowledgments

Meg Krawchuk, Matt Reilly, Will Downing, and three
anonymous reviewers provided helpful suggestions
that improved draft manuscripts. We are grateful to
Karen Short for her work creating and maintaining
the Fire Occurrence Database.

ORCID iDs

John B Kilbride
9421-6480
Garrett W Meigs
5942-691X

https://orcid.org/0000-0002-

https://orcid.org/0000-0001-

References

Agee ] K 1996 Fire Ecology of Pacific Northwest Forests
(Washington, DC: Island press)

Balch J K, Bradley B A, Abatzoglou J T, Nagy R C, Fusco E J and
Mahood A L 2017 Human-started wildfires expand the fire
niche across the United States Proc. Natl Acad. Sci.

114 2946-51

Bladon K D 2018 Rethinking wildfires and forest watersheds
Science 359 1001-2

Booth D E 1991 Timber dependency and wilderness selection: the
US Forest Service, Congress, and the RARE II decisions Nat.
Resour. J. 31 715-39

Bramwell L 2012 1911 Weeks act: the legislation that nationalised
the US Forest Service J. Energy Nat. Resour. Law 30 325-36

Calkin D E, Gebert K M, Jones J G and Neilson R P 2005 Forest
Service large fire area burned and suppression expenditure
trends, 1970-2002 J. For. 103 179-83

Calkin D E, Thompson M P and Finney M A 2015 Negative
consequences of positive feedbacks in US wildfire
management For. Ecosyst. 2 9

Clary D A 1986 Timber and the Forest Service (Lawrence, Kansas:
University Press of Kansas)

Collins B M, Everett R G and Stephens S L 2011 Impacts of fire
exclusion and recent managed fire on forest structure in old
growth Sierra Nevada mixed-conifer forests Ecosphere 2 1-14

Coop J D, Parks S A, McClernan S R and Holsinger L M 2016
Influences of prior wildfires on vegetation response to
subsequent fire in a reburned Southwestern landscape Ecol.
Appl. 26 346-54

Coppoletta M, Merriam K E and Collins B M 2016 Post-fire
vegetation and fuel development influences fire severity
patterns in reburns Ecol. Appl. 26 686-99

DeVelice R L and Martin J R 2001 Assessing the extent to which
roadless areas complement the conservation of biological
diversity Ecol. Appl. 11 1008-18

Dunn C J and Bailey ] D 2016 Tree mortality and structural
change following mixed-severity fire in Pseudotsuga forests
of Oregon’s western Cascades, USA For. Ecol. Manage.

365 107-18

Dunn C J, O’Connor C D, Abrams J, Thompson M P, Calkin D E,

Johnston J D, Stratton R and Gilbertson-Day J 2020 Wildfire


https://www.mtbs.gov
https://orcid.org/0000-0002-9421-6480
https://orcid.org/0000-0002-9421-6480
https://orcid.org/0000-0002-9421-6480
https://orcid.org/0000-0001-5942-691X
https://orcid.org/0000-0001-5942-691X
https://orcid.org/0000-0001-5942-691X
https://doi.org/10.1073/pnas.1617394114
https://doi.org/10.1073/pnas.1617394114
https://doi.org/10.1080/02646811.2012.11435298
https://doi.org/10.1080/02646811.2012.11435298
https://doi.org/10.1093/jof/103.4.179
https://doi.org/10.1093/jof/103.4.179
https://doi.org/10.1186/s40663-015-0033-8
https://doi.org/10.1186/s40663-015-0033-8
https://doi.org/10.1890/ES11-00026.1
https://doi.org/10.1890/ES11-00026.1
https://doi.org/10.1890/15-0775
https://doi.org/10.1890/15-0775
https://doi.org/10.1890/15-0225
https://doi.org/10.1890/15-0225
https://doi.org/10.1890/1051-0761(2001)011[1008:ATETWR]2.0.CO;2
https://doi.org/10.1890/1051-0761(2001)011[1008:ATETWR]2.0.CO;2
https://doi.org/10.1016/j.foreco.2016.01.031
https://doi.org/10.1016/j.foreco.2016.01.031

10P Publishing

Environ. Res. Lett. 16 (2021) 084040

risk science facilitates adaption of fire prone social ecological
systems to the new fire reality Environ. Res. Lett. 15 025001

Dunn CJ, O’Connor C D, Reilly M J, Calkin D E and
Thompson M P 2019 Spatial and temporal assessment of
responder exposure to snag hazards in post-fire
environments For. Ecol. Manage. 441 202—14

Dunn C J, Thompson M P and Calkin D E 2017 A framework for
developing safe and effective large-fire response in a new fire
management paradigm For. Ecol. Manage. 404 184-96

Dwyer E, Gregoire ] M and Pereira ] M C 2000 Climate and
vegetation as driving factors in global fire activity Biomass
Burning and Its Inter- Relationship with the Climate System
ed M Beniston (London: Kluwer Academic Publishers)
p 358

Eidenshink J, Schwind B, Brewer K, Zhu Z, Quayle B and
Howard S 2007 A project for monitoring trends in burn
severity Fire Ecol. 3 3-21

Feldman M and Reimer H 2019 Ecological succession of national
forest planning regulations Nat. Resour. Environ. 33 8-11

Finco M, Quayle B, Zhang Y, Lecker J, Megown K A and
Brewer C K. 2012. Monitoring trends and burn severity
(MTBS): monitoring wildfire activity for the past quarter
century using Landsat data Moving from Status to Trends:
Forest Inventory and Analysis (FIA) Symp. pp 222-8

Flood N 2013 Seasonal composite Landsat TM/ETM+ images
using the Medoid (a multi-dimensional median) Remote
Sens. 5 6481-500

Fried J S and Fried B D 1996 Simulating wildfire containment
with realistic tactics For. Sci. 42 267-81

Gorelick N, Hancher M, Dixon M, Ilyushchenko S, Thau D and
Moore R 2017 Google Earth Engine: planetary-scale
geospatial analysis for everyone Remote Sens. Environ.
202 18-27

Guyette R P, Stambaugh M C, Dey D C and Muzika R M 2012
Predicting fire frequency with chemistry and climate
Ecosystems 15 322-35

Haire S L, McGarigal K and Miller C 2013 Wilderness shapes
contemporary fire size distributions across landscapes of the
western United States Ecosphere 4 1-20

Hansen M C et al 2013 High-resolution global maps of
21st-century forest cover change Science 342 850-3

Hessburg P F, Agee ] K and Franklin J F 2005 Dry forests and
wildland fires of the inland Northwest USA: contrasting the
landscape ecology of the pre-settlement and modern eras
For. Ecol. Manage. 211 117-39

Hjerpe E, Holmes T and White E 2017 National and community
market contributions of wilderness Soc. Nat. Resour.
30 265-80

Hurteau M D, Liang S, Westerling A L and Wiedinmyer C 2019
Vegetation-fire feedback reduces projected area burned
under climate change Sci. Rep. 9 1-6

Johnston J D, Dunn CJ and Vernon M ] 2019 Tree traits influence
response to fire severity in the western oregon cascades, USA
For. Ecol. Manage. 433 6908

Johnstone J F et al 2016 Changing disturbance regimes, ecological
memory, and forest resilience Front. Ecol. Environ. 14 369-78

Kane V R, Cansler C A, Povak N A, Kane J T, McGaughey R J,
Lutz J A, Churchill D J and North M P 2015 Mixed severity
fire effects within the Rim fire: relative importance of local
climate, fire weather, topography, and forest structure For.
Ecol. Manage. 358 62—79

Keeley J E, Safford H, Fotheringham C J, Franklin J and Moritz M
2009 The 2007 southern California wildfires: lessons in
complexity J. For. 107 287-96

Kennedy R E, Yang Z, Braaten J, Copass C, Antonova N, Jordan C
and Nelson P 2015 Attribution of disturbance change agent
from Landsat time-series in support of habitat monitoring
in the puget sound region, USA Remote Sens. Environ.
166 271-85

Kennedy R E, Yang Z and Cohen W B 2010 Detecting trends in
forest disturbance and recovery using yearly Landsat time
series: 1. Landtrendr—temporal segmentation algorithms
Remote Sens. Environ. 114 2897-910

12

] D Johnston et al

Kennedy R E, Yang Z, Gorelick N, Braaten ], Cavalcante L,
Cohen W B and Healey S 2018 Implementation of the
Landtrendr algorithm on Google Earth Engine Remote Sens.
10 691

Key C H and Benson N C 1999 The Normalized Burn Ratio
(NBR): A Landsat TM Radiometric Measure of Burn Severity
(Bozeman, MT: United States Geological Survey, Northern
Rocky Mountain Science Center)

Keyser A and Westerling A L 2017 Climate drives inter-annual
variability in probability of high severity fire occurrence in
the western United States Environ. Res. Lett. 12 065003

Krawchuk M A, Moritz M A, Parisien M A, van Dorn J and
Hayhoe K 2009 Global pyrogeography: the current and
future distribution of wildfire PLoS One 4 ¢5102

Lanorte A, Danese M, Lasaponara R and Murgante B 2013
Multiscale mapping of burn area and severity using
multisensor satellite data and spatial autocorrelation
analysis Int. J. Appl. Earth Obs. Geoinf. 20 42-51

Larson A J, Belote R T, Cansler C A, Parks S A and Dietz M 2013
Latent resilience in ponderosa pine forest: effects of resumed
frequent fire Ecol. Appl. 23 1243-9

Liu Y, Goodrick S L and Stanturf ] A 2013 Future US wildfire
potential trends projected using a dynamically downscaled
climate change scenario For. Ecol. Manage. 294 120-35

Loucks C, Brown N A, Loucks K and Cesareo K 2003 USDA
Forest Service roadless areas: potential biodiversity
conservation reserves Conserv. Ecol. 7

Marlon J R et al 2012 Long-term perspective on wildfires in the
western USA Proc. Natl Acad. Sci. USA 109 E535-43

McCord M, Reilly M J, Butz R ] and Jules E S 2020 Early seral
pathways of vegetation of vegetation change following short
interval, repeated wildfire in low elevation
mixed-conifer-hardwood forest landscape of the Klamath
Mountains, Northern California Can. J. For. Res. 50 13-23

McKenzie D, Shankar U, Keane R E, Stavros E N, Heilman W E,
Fox D G and Riebau A C 2014 Smoke consequences of new
wildfire regimes driven by climate change Earth’s Future
2 35-59

Meddens A J, Kolden C A, Lutz J A, Abatzoglou J T and
Hudak A T 2018 Spatiotemporal patterns of unburned areas
within fire perimeters in the northwestern United States
from 1984 to 2014 Ecosphere 9 €02029

Meigs G W, Zald H S, Campbell J L, Keeton W S and Kennedy R E
2016 Do insect outbreaks reduce the severity of subsequent
forest fires? Environ. Res. Lett. 11 045008

Mietkiewicz N, Balch J K, Schoennagel T, Leyk S, St Denis L A and
Bradley B A 2020 In the line of fire: consequences of
human-ignited wildfires to homes in the US (1992-2015)
Fire 3 50

Miller ] D and Thode A E 2007 Quantifying burn severity in a
heterogeneous landscape with a relative version of the delta
normalized burn ratio (ANBR) Remote Sens. Environ.
109 6680

North M P, Stephens S L, Collins B M, Agee ] K, Aplet G,
Franklin J F and Fulé P Z 2015 Reform forest fire
management Science 349 1280-1

North M, Collins B M and Stephens S 2012 Using fire to increase
the scale, benefits, and future maintenance of fuels
treatments J. For. 110 392-401

O’Connor C D, Calkin D E and Thompson M P 2017 An
empirical machine learning method for predicting potential
fire control locations for pre-fire planning and operational
fire management Int. J. Wildland Fire 26 587-97

Omernik ] M 1987 Ecoregions of the conterminous United States
Ann. Am. Assoc. Geogr. 77 118-25

Page W G, Freeborn P H, Butler BW and Jolly W M 2019 A
review of US wildland firefighter entrapments: trends,
important environmental factors and research needs Int.
J. Wildland Fire 28 551-69

Parks S A, Miller C, Abatzoglou J T, Holsinger L M, Parisien M A
and Dobrowski S Z 2016 How will climate change affect
wildland fire severity in the western US? Environ. Res. Lett.
11 035002


https://doi.org/10.1088/1748-9326/ab6498
https://doi.org/10.1088/1748-9326/ab6498
https://doi.org/10.1016/j.foreco.2019.03.035
https://doi.org/10.1016/j.foreco.2019.03.035
https://doi.org/10.1016/j.foreco.2017.08.039
https://doi.org/10.1016/j.foreco.2017.08.039
https://doi.org/10.4996/fireecology.0301003
https://doi.org/10.4996/fireecology.0301003
https://doi.org/10.3390/rs5126481
https://doi.org/10.3390/rs5126481
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1007/s10021-011-9512-0
https://doi.org/10.1007/s10021-011-9512-0
https://doi.org/10.1890/ES12-00257.1
https://doi.org/10.1890/ES12-00257.1
https://doi.org/10.1126/science.1244693
https://doi.org/10.1126/science.1244693
https://doi.org/10.1016/j.foreco.2005.02.016
https://doi.org/10.1016/j.foreco.2005.02.016
https://doi.org/10.1080/08941920.2016.1196280
https://doi.org/10.1080/08941920.2016.1196280
https://doi.org/10.1038/s41598-019-39284-1
https://doi.org/10.1038/s41598-019-39284-1
https://doi.org/10.1016/j.foreco.2018.11.047
https://doi.org/10.1016/j.foreco.2018.11.047
https://doi.org/10.1002/fee.1311
https://doi.org/10.1002/fee.1311
https://doi.org/10.1016/j.foreco.2015.09.001
https://doi.org/10.1016/j.foreco.2015.09.001
https://doi.org/10.1016/j.rse.2015.05.005
https://doi.org/10.1016/j.rse.2015.05.005
https://doi.org/10.1016/j.rse.2010.07.008
https://doi.org/10.1016/j.rse.2010.07.008
https://doi.org/10.3390/rs10050691
https://doi.org/10.3390/rs10050691
https://doi.org/10.1088/1748-9326/aa6b10
https://doi.org/10.1088/1748-9326/aa6b10
https://doi.org/10.1371/journal.pone.0005102
https://doi.org/10.1371/journal.pone.0005102
https://doi.org/10.1016/j.jag.2011.09.005
https://doi.org/10.1016/j.jag.2011.09.005
https://doi.org/10.1890/13-0066.1
https://doi.org/10.1890/13-0066.1
https://doi.org/10.1016/j.foreco.2012.06.049
https://doi.org/10.1016/j.foreco.2012.06.049
https://doi.org/10.5751/ES-00528-070205
https://doi.org/10.1073/pnas.1112839109
https://doi.org/10.1073/pnas.1112839109
https://doi.org/10.1139/cjfr-2019-0161
https://doi.org/10.1139/cjfr-2019-0161
https://doi.org/10.1002/2013EF000180
https://doi.org/10.1002/2013EF000180
https://doi.org/10.1002/ecs2.2029
https://doi.org/10.1002/ecs2.2029
https://doi.org/10.1088/1748-9326/11/4/045008
https://doi.org/10.1088/1748-9326/11/4/045008
https://doi.org/10.3390/fire3030050
https://doi.org/10.3390/fire3030050
https://doi.org/10.1016/j.rse.2006.12.006
https://doi.org/10.1016/j.rse.2006.12.006
https://doi.org/10.1126/science.aab2356
https://doi.org/10.1126/science.aab2356
https://doi.org/10.1071/WF16135
https://doi.org/10.1071/WF16135
https://doi.org/10.1111/j.1467-8306.1987.tb00149.x
https://doi.org/10.1111/j.1467-8306.1987.tb00149.x
https://doi.org/10.1071/WF19022
https://doi.org/10.1071/WF19022
https://doi.org/10.1088/1748-9326/11/3/035002
https://doi.org/10.1088/1748-9326/11/3/035002

10P Publishing

Environ. Res. Lett. 16 (2021) 084040

Parks S A, Miller C, Nelson C R and Holden Z A 2014b Previous
fires moderate burn severity of subsequent wildland
fires in two large western US wilderness areas Ecosystemms
17 29-42

Parks S A, Miller C, Parisien M A, Holsinger L M, Dobrowski S Z
and Abatzoglou J 2015 Wildland fire deficit and surplus in
the western United States, 1984—2012 Ecosphere 6 275

Parks S A, Parisien M A, Miller C and Dobrowski S Z 2014a Fire
activity and severity in the western US vary along proxy
gradients representing fuel amount and fuel moisture PLoS
One 9 99699

Parks S, Holsinger L, Voss M, Loehman R and Robinson N 2018
Mean composite fire severity metrics computed with Google
Earth Engine offer improved accuracy and expanded
mapping potential Remote Sens. 10 879

Pausas J G and Ribeiro E 2013 The global fire—productivity
relationship Global Ecol. Biogeogr. 22 728-36

R Core Team 2018 R: a language and environment for statistical
computing (Vienna: R Foundation for Statistical
Computing) (available at: www.R-project.org/) (Accessed 20
February 2019)

Reilly M ], Dunn C J, Meigs G W, Spies T A, Kennedy R E,

Bailey J D and Briggs K 2017 Contemporary patterns of fire
extent and severity in forests of the Pacific Northwest, USA
(1985-2010) Ecosphere 8 c01695

Reilly M J, Elia M, Spies T A, Gregory M J, Sanesi G and
Lafortezza R 2018 Cumulative effects of wildfires on forest
dynamics in the eastern Cascade Mountains, USA Ecol. Appl.
28 291-308

Riley K L, Thompson M P, Scott ] H and Gilbertson-Day ] W 2018
A model-based framework to evaluate alternative wildfire
suppression strategies Resources 7 4

Roth D M 1984 The wilderness movement and the national
forests: 1964—1980 (US Dept. of Agriculture, Forest Service)

Sankey ] B, Kreitler J, Hawbaker T ], McVay J L, Miller M E,
Mueller E R, Vaillant N M, Lowe S E and Sankey T T 2017
Climate, wildfire, and erosion ensemble foretells more
sediment in western USA watersheds Geophys. Res. Lett.

44 8884-92

Schultz C A, Jedd T and Beam R D 2012 The collaborative forest
landscape restoration program: a history and overview of
the first projects J. For. 110 381-91

Schultz C A, Thompson M P and McCaffrey S M 2019 Forest
Service fire management and the elusiveness of change Fire
Ecol. 1513

Serra-Diaz ] M, Maxwell C, Lucash M S, Scheller R M,

Laflower D M, Miller A D, Tepley A J, Epstein H E,
Anderson-Teixeira K ] and Thompson J R 2018
Disequilibrium of fire-prone forests sets the stage for a rapid
decline in conifer dominance during the 21st century Sci.
Rep. 8 1-12

Short K C 2017 Spatial wildfire occurrence data for the United
States, 1992-2015 (FPA_FOD_20170508) 4th Edition (Fort
Collins, CO: Forest Service Research Data Archive) (https://
doi.org/10.2737/RDS-2013-0009.4)

Sgrensen R, Zinko U and Seibert ] 2006 On the calculation of the
topographic wetness index: evaluation of different methods
based on field observations Hydrol. Earth Syst. Sci. 10 101-12

Spies T A et al 2019 Twenty-five years of the Northwest Forest
Plan: what have we learned? Front. Ecol. Environ. 17 511-20

Spies T A, Hemstrom M A, Youngblood A and Hummel S 2006
Conserving old-growth forest diversity in disturbance-prone
landscapes Conserv. Biol. 20 351-62

13

] D Johnston et al

Spies T A et al 2018 Integrating ecological and social science to
inform land management in the area of the Northwest
Forest Plan Tech. Coords. 2018. Synthesis of Science to Inform
Land Management within the Northwest Forest Plan Area.
Gen. Tech. Rep. PNW-GTR-966 vol 966, ed T A Spies,

P A Stine, R Gravenmier, ] W Long and M J Reilly (Portland,
OR: US Department of Agriculture, Forest Service, Pacific
Northwest Research Station) pp 919-1020

Stephens S L and Fulé P Z 2005 Western pine forests with
continuing frequent fire regimes: possible reference sites for
management J. For. 103 357-62

Stephens S L, Mclver ] D, Boerner R E, Fettig C J, Fontaine ] B,
Hartsough B R, Kennedy P L and Schwilk D W 2012 The
effects of forest fuel-reduction treatments in the United
States BioScience 62 549-60

Stevens J T, Kling M M, Schwilk D W, Varner ] M and Kane ] M
2020 Biogeography of fire regimes in western US conifer
forests: a trait-based approach Glob. Ecol. Biogeogr.

29 944-55

Tagil S and Jenness ] 2008 GIS-based automated landform
classification and topographic, landcover and geologic
attributes of landforms around the Yazoren Polje, Turkey
J. Appl. Sci. 8 910-21

Thompson M P, MacGregor D G, Dunn C J, Calkin D E and
Phipps ] 2018 Rethinking the wildland fire management
system J. For. 116 382-90

Thompson M P, Silva F RY, Calkin D E and Hand M S 2017 A
review of challenges to determining and demonstrating
efficiency of large fire management Int. J. Wildland Fire
26 562-73

USDA (US Department of Agriculture) 1972 RARE I: Final
Environmental Statement: Roadless Area Review and
Evaluation (Washington, DC: USDA Forest Service)

USDA (US Department of Agriculture) 1979 RARE II: Final
Environmental Statement: Roadless Area Review and
Evaluation (Washington, DC: USDA Forest Service)

Vaillant N M and Reinhardt E D 2017 An evaluation of the Forest
Service hazardous fuels treatment program—are we treating
enough to promote resiliency or reduce hazard? J. For.

115 300-8

van Mantgem P ] and Schwilk D W 2009 Negligible influence of
spatial autocorrelation in the assessment of fire effects in a
mixed conifer forest Fire Ecol. 5 11625

van Wagtendonk ] W 2007 The history and evolution of wildland
fire use Fire Ecol. 3 3-17

Voicu M 2010 At a dead end: the need for congressional direction
in the roadless area management debate Ecol. Law Q.

37 487

Westerling A L 2008 Climatology for wildfire management The
Economics of Forest Disturbances (Berlin: Springer)
pp 107-22

Whitman E, Batllori E, Parisien M A, Miller C, Coop J D,
Krawchuk M A, Chong G W and Haire S L 2015 The climate
space of fire regimes in north-western North America
J. Biogeogr. 42 173649

Wood S N 2004 Stable and efficient multiple smoothing
parameter estimation for generalized additive models J. Am.
Stat. Assoc. 99 673-86

Wood S N 2006 Generalized Additive Models: An Introduction with
R (Boca Raton, FL: Chapman & Hall/CRC)

Zhu Z and Woodcock C E 2012 Object-based cloud and cloud
shadow detection in Landsat imagery Remote Sens. Environ.
118 83-94


https://doi.org/10.1007/s10021-013-9704-x
https://doi.org/10.1007/s10021-013-9704-x
https://doi.org/10.1890/ES15-00294.1
https://doi.org/10.1890/ES15-00294.1
https://doi.org/10.1371/journal.pone.0099699
https://doi.org/10.1371/journal.pone.0099699
https://doi.org/10.3390/rs10060879
https://doi.org/10.3390/rs10060879
https://doi.org/10.1111/geb.12043
https://doi.org/10.1111/geb.12043
https://www.R-project.org/
https://doi.org/10.1002/ecs2.1695
https://doi.org/10.1002/ecs2.1695
https://doi.org/10.1002/eap.1644
https://doi.org/10.1002/eap.1644
https://doi.org/10.3390/resources7010004
https://doi.org/10.3390/resources7010004
https://doi.org/10.1002/2017GL073979
https://doi.org/10.1002/2017GL073979
https://doi.org/10.5849/jof.11-082
https://doi.org/10.5849/jof.11-082
https://doi.org/10.1186/s42408-019-0028-x
https://doi.org/10.1186/s42408-019-0028-x
https://doi.org/10.1038/s41598-018-24642-2
https://doi.org/10.1038/s41598-018-24642-2
https://doi.org/10.2737/RDS-2013-0009.4
https://doi.org/10.2737/RDS-2013-0009.4
https://doi.org/10.5194/hess-10-101-2006
https://doi.org/10.5194/hess-10-101-2006
https://doi.org/10.1002/fee.2101
https://doi.org/10.1002/fee.2101
https://doi.org/10.1111/j.1523-1739.2006.00389.x
https://doi.org/10.1111/j.1523-1739.2006.00389.x
https://doi.org/10.1525/bio.2012.62.6.6
https://doi.org/10.1525/bio.2012.62.6.6
https://doi.org/10.1111/geb.13079
https://doi.org/10.1111/geb.13079
https://doi.org/10.3923/jas.2008.910.921
https://doi.org/10.3923/jas.2008.910.921
https://doi.org/10.1093/jofore/fvy020
https://doi.org/10.1093/jofore/fvy020
https://doi.org/10.1071/WF16137
https://doi.org/10.1071/WF16137
https://doi.org/10.5849/jof.16-067
https://doi.org/10.5849/jof.16-067
https://doi.org/10.4996/fireecology.0502116
https://doi.org/10.4996/fireecology.0502116
https://doi.org/10.4996/fireecology.0302003
https://doi.org/10.4996/fireecology.0302003
https://doi.org/10.1111/jbi.12533
https://doi.org/10.1111/jbi.12533
https://doi.org/10.1198/016214504000000980
https://doi.org/10.1198/016214504000000980
https://doi.org/10.1016/j.rse.2011.10.028
https://doi.org/10.1016/j.rse.2011.10.028

	Does conserving roadless wildland increase wildfire activity in western US national forests?
	1. Introduction
	2. Data and methods
	2.1. Study area and data acquisition
	2.2. Data analysis

	3. Results
	3.1. Roadless and wilderness designations are associated with fewer ignitions but more escaped fires
	3.2. Roadless and wilderness designations are associated with greater fire extent
	3.3. Roadless and wilderness designations do not influence fire severity

	4. Discussion
	4.1. The influence of management regime and biophysical variability on fire
	4.2. Management and policy implications

	5. Conclusions
	Acknowledgments
	References


