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Wildfires have important effects on wildlife habitat. Within fire perimeters, ‘fire refugia’ are unburned or less
severely burned areas that contain residual pre-fire habitat structures and facilitate species persistence following
fire. However, fire refugia may vary in their relative quality. The ability to evaluate the relative quality of fire
refugia for wildlife habitat may help efficiently allocate resources for post-fire conservation planning, especially
for at-risk species. Using spatial overlays of habitat models and burn severity data, we developed the refugia
index, a flexible multi-scale, multi-criteria fuzzy logic model to assess the value of unburned areas for wildlife
habitat affected by wildfires and other disturbances. We conducted a case study of the northern spotted owl (Strix
occidentalis caurina) and applied our method to 4278 unburned areas in 15 fires that each burned > 400 ha of
spotted owl nesting/roosting habitat in the eastern Cascade Mountains, U.S.A. In our study area, unburned areas
represented ~ 1.7% of the area within the fire perimeters. Most fire refugia were low quality, because unburned
areas were small relative to the desired nest patch size of spotted owls and contained little suitable nesting/
roosting habitat. However, each fire contained a few high-quality fire refugia, because they co-occurred with
suitable nesting/roosting habitat and were surrounded by desirable habitat characteristics for spotted owls. Our
method illustrates how land managers can use readily available spatial data and analysis tools to understand fire

effects on species’ habitat (e.g., habitat lost) and prioritize areas for post-fire conservation and management.

1. Introduction

Habitat for many wildlife species is being altered by land use changes
(e.g., timber harvesting), disturbances (e.g., hurricanes and wildfires),
and climate change (Pimm et al., 2014). Among disturbances, wildfire is
a key threat to habitats for many species (Geary et al., 2020; Ward et al.,
2020) and fire activity is projected to continue to increase with warming
and drying conditions in many locations across the earth (Moritz et al.,
2012; Abatzoglou et al., 2018; Bowman et al., 2020). While fires create
new habitats for some wildlife species (e.g., snags for cavity-nesting
birds; Hutto et al., 2020; Latif et al., 2020), fires also remove vegeta-
tion structures that are essential habitats for other species (Kelly et al.,
2015; Jones et al., 2016). Many national policies, such as the Northwest
Forest Plan in the U.S. (USFS and BLM, 1994), require conservation and
restoration of habitats for at-risk species (DSE, 2009; USFS, 2012). Un-
derstanding the availability and spatial distribution of habitats for
wildlife species affected by fire is, therefore, an important component of
post-fire planning process for land managers.

Fire interacts with topography, vegetation, and climate to create
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complex spatial patterns in vegetation following fire (Agee, 1996) that
have varying levels of suitability for wildlife habitat (Chia et al., 2015;
He et al., 2019). Fire refugia — unburned or less severely burned areas
that allow some species to persist following fire (Meddens et al., 2018b)
—have garnered increased attention in recent decades for their capacity
to maintain intact habitats and support ecological recovery (Camp et al.,
1997; Franklin et al., 2000a; Robinson et al., 2014; Landesmann and
Morales, 2018; Krawchuk et al., 2020). Across fires, unburned or low-
severity burn areas with low tree mortality (e.g. < 10% tree mortality)
can be mapped with remote sensing techniques that identify areas with
minimal change in spectral indices relative to the surrounding burn
mosaic (e.g., Krawchuk et al., 2016; Meddens et al., 2016, Collins et al.,
2019, Chapman et al., 2020). Hundreds to sometimes thousands of un-
burned areas within the matrix of burned areas are often identified and,
combined, these areas may represent ~10% of the area within the burn
perimeter (Meddens et al., 2018a). Few studies to date have examined
whether unburned areas overlap spatially with suitable habitat for
wildlife species that prefer habitat structures associated with older for-
ests (e.g., > 200 years since fire), despite widespread concern about the
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negative effects of fire on habitat for some wildlife species (e.g., USFWS,
2011; Wintle et al., 2020).

Unburned areas likely vary considerably in their capacity to function
as fire refugia for wildlife species due to differences in their vegetation
structure and composition. Indeed, spatial overlay analysis has identi-
fied that landcover of unburned areas may include unburnable surfaces,
like roads and rocks, or grasslands and late successional forests (Clarke,
2002; Meddens et al., 2018b; Meigs and Krawchuk 2018; Martinez et al.
2019a). The ability to evaluate the relative quality of habitat in un-
burned areas for a focal wildlife species would be useful for prioritizing
areas for post-fire conservation (Martinez et al., 2019b; Latif et al.,
2019). Fuzzy logic models are increasingly used in such environmental
decision support contexts (e.g., Gartner et al., 2008; Reynolds et al.,
2014), because they treat model variables and outputs as degrees of
truth (membership) rather than assigning membership to a class (i.e.,
true/false; Sheehan and Gough, 2016), integrate multiple data types and
complex relationships, and produce easily interpretable results for
multiple stakeholders (e.g., scientists, managers, policymakers). Such
tools would be helpful for land managers to transparently and effectively
justify conservation and management actions pertaining to wildlife
habitat in post-fire landscapes.

Our objectives were to (1) develop a refugia index (RI), a geospatial
method to assess the quality of unburned areas for wildlife habitat
affected by wildfires (and other disturbances), (2) apply the method and
conduct a case study using spatial overlay analysis to examine how the
RI (model output) varied with model inputs for a focal species, and (3)
investigate how the RI at the individual fire-level was affected by
characteristics of the fire and availability of habitat (pre-fire). Our
geoprocessing workflow and fuzzy logic model application can be
implemented in readily available geospatial software (e.g., ArcGIS and R
programming language). We selected the northern spotted owl (Strix
occidentalis caurina; hereafter, spotted owl) as our focal species, because
it is strongly considered in many aspects of forest management in the
northwestern region of the continental U.S. (USFS & BLM, 1994; Spies
et al., 2019) and the response of spotted owls to fire and persistence of
spotted owls in post-fire landscapes is a key management concern
(Lesmeister et al., 2019). We applied our method to publicly available
spatial datasets of spotted owl habitat suitability, burn severity, and
unburned areas in the eastern Cascade Mountains of Oregon and
Washington, an area where spotted owl habitat has recently been
affected by multiple wildfires (Davis et al., 2016). The RI provides land
managers with an assessment of the quality of individual unburned areas
to help prioritize areas for post-fire conservation planning.

2. Methods
2.1. Development of refugia index for wildlife habitat

The RI is the output from a multi-criteria fuzzy logic model (Zadeh,
1965) in the Environmental Evaluation Modeling System platform
(EEMS; Sheehan and Gough, 2016). EEMS was developed to provide
environmental decision support for inherently complex systems, such as
forest (Sheehan and Bachelet, 2019) and wildlife (Zabihi et al., 2017)
management. A key benefit in the context of wildlife habitat and un-
burned areas is the capacity of fuzzy models to reduce ambiguous
transitions between classes and more effectively address uncertainty
inherent in environmental datasets (Burrough, 1989), such as inaccur-
acies in attribute data or spatial geometries (McKelvey and Noon, 2001).

Following the conventions of fuzzy logic models, we represented our
model as a logic tree of hierarchically arranged logical propositions (i.e.,
refugia index or the value of an unburned area). Propositions are
described by fuzzy values (i.e., degrees of truth or each proposition) and
are evaluated by operators (i.e., union; Fig. 1) combining multiple fuzzy
value inputs (i.e., spatial datasets). The terminal nodes in our logic tree
represented the input spatial datasets that in our case were existing
habitat models modified with burn severity and timber harvest spatial
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Fig. 1. Fuzzy logic tree for assessing wildlife species’ refugia index. The ter-
minal nodes are the input criteria, which were divided into characteristics
within the unburned area (light yellow) and characteristics of the habitat sur-
rounding the unburned area (light blue). The final proposition (green) is a
union of the two intermediate propositions (yellow and blue). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

datasets. Model inputs were divided into two branches that described
characteristics within and surrounding unburned areas. Input variables
were normalized to obtain fuzzy values using the EEMS framework.
First, minimum (-1, fully false) and maximum (1, fully true) thresholds
were defined (e.g., Table 1). Then the values between the thresholds
were linearly interpolated across the spectrum of truth (Appendix S2:
Fig. S1). Fuzzy values representing input parameters were combined
using a weighted union operator (weighted mean) into two intermediate
propositions (nodes) which were, in turn, combined into one final
proposition (root node) to determine the RI (Fig. 1). Model weights for
each parameter can be assigned at each proposition. Input variables,
operators, and model weights are adjustable depending on the focal
species, previous research, expert opinion, and management goals.

2.2. Application of habitat value assessment method

2.2.1. Focal species

The northern spotted owl was listed as ‘threatened’ in 1990 under
the Endangered Species Act (USFWS, 1990). The Northwest Forest Plan
(adopted in 1994), which provides management direction for all
federally administered forests in the Pacific Northwest, was developed
to protect and promote late successional reserves (older stands with
complex forest structure) that function as habitat for multiple life-
history requirements for the spotted owl (USFS & BLM, 1994; Thomas
et al., 2006). Spotted owl populations have continued to decline across
their range over the past two decades (Dugger et al., 2016) despite many
measures to improve habitat conservation, such as substantial re-
ductions in timber harvest on federal lands. In addition to timber har-
vesting and invasion by barred owls (Strix varia) in recent decades,
wildfire has significantly reduced suitable habitat for spotted owls
(Davis et al., 2016; Reilly et al., 2017), particularly in more fire-prone
areas such as the eastern side of the Cascade Mountains.

Fire alters stand structures and tree species compositions suitable for
spotted owl nesting/roosting habitat (Lesmeister et al., 2019) that, in
turn, affects spotted owl demography (Rockweit et al., 2017; Wan et al.,
2018). Spotted owls have high site fidelity (Forsman et al., 1984) and
following fire, pre-fire residents may return to previously occupied
nesting/roosting habitat in unburned or low severity burn areas (Gaines
et al., 1995; Jones et al., 2016). Spotted owls forage across a wide va-
riety of stand types from unburned areas of varying stand age to areas
recently burned at all severities (including smaller patches and edges of
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Table 1
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Criteria and thresholds used to determine refugia index of unburned areas for spotted owl nesting/roosting habitat using the Environmental Evaluation and Modeling
System (EEMS) model. Input criteria were normalized to obtain fuzzy values by defining minimum (-1, fully false) and maximum (1, fully true) thresholds and then
linearly interpolating values between the thresholds. Values less (greater) than the minimum (maximum) threshold were assigned a value of —1 (1). All input criteria
were weighted equally in the intermediate propositions, weights differed in the final proposition (80% for suitability of habitat within unburned area and 20% for

suitability of habitat surrounding unburned area).

Input variables Threshold
False True Justification

Within unburned area

Area (of unburned area, ha) 0.18 12.6 Larger unburned areas are more likely to serve as nesting/roosting habitat. Min. size of unburned areas is 0.18 ha (
Meddens et al. 2016) and a common nest patch size is 12.6 ha or 200-m radius around the nesting/roosting location (
Swindle et al., 1999; Glenn et al., 2017).

% suitable habitat 0% 100% Owl fitness increases with more suitable nesting/roosting habitat as well as less habitat fragmentation (Franklin et al.,
2000b; Davis et al., 2016; Dugger et al., 2016).

Presence of core or coreedge ~ Absent (0)  Present

habitat 1)
Surrounding unburned
area

% suitable habitat 0% 70%
territory (Glenn et al., 2017).
% core and core-edge 0% 80%
habitat

True threshold based on recommended percent of suitable habitat within 2.5-km radius circle (Forsman et al., 2015) or

Spotted owls prefer approximately 80% nesting/roosting vegetative cover within territory (Glenn et al., 2017).

high severity; Comfort et al., 2016). In more fire-prone regions of the
spotted owl distribution, such as the eastern side of the Cascade
Mountains, a mosaic of early seral foraging habitat and late-successional
nesting/roosting habitat created by mixed severity fire is likely benefi-
cial to the maintenance of owl habitat (Baker, 2015; DellaSala et al.,
2015; Franklin et al., 2000b; Hessburg et al., 2007). The risk of spotted
owl habitat loss to fire and the need to manage elevated fuel levels from
fire suppression to protect habitat is a source for considerable scientific
debate throughout the distribution of all spotted owl subspecies (Del-
laSala et al., 2015; Jones et al., 2016, 2019; Lee, 2018; Peery et al.,
2019). Extensive severely burned areas tend to reduce spotted owls’
survival and occupancy (Rockweit et al., 2017; Jones et al., 2016), but
the existence of fire refugia could help explain persistence by owls in
some severely burned landscapes (Lee & Bond 2015). As both area
burned and area burned at high severity are expected to increase under
climate warming (Davis et al., 2017; Wan et al., 2019), understanding
the degree to which fire refugia maintain post-fire habitat might
contribute to post-fire conservation planning and management for this
focal species.

2.2.2. Study area

We applied our method to fires that burned spotted owl habitat in
two physiognomic provinces on the eastern side of the Cascade Moun-
tains in Washington and Oregon (Fig. 2). From 1993 to 2012, wildfire
accounted for ~ 48% (~27,000 ha) of nesting/roosting habitat loss for
the spotted owl on federal lands in the eastern Cascades (Davis et al.,
2016). In the study area, spotted owls nest in dry to wet mixed conifer
forest in the Douglas-fir (Pseudotsuga menziesii) zone and grand fir (Abies
grandis) zone (Franklin & Dyrness, 1973). Within these forest zones,
spotted owls prefer to nest and roost in closed-canopy forests (>50-60%
canopy closure) with medium- to large-sized trees and multi-layered
canopies (Buchanan et al., 1995; Forsman et al., 2015). Historical fire
regimes in the eastern Cascades were variable, but ranged from rela-
tively frequent, low severity fire regimes in lower elevation dry forests to
relatively infrequent, stand-replacing fire regimes in higher elevation
moist forests with considerable area that experienced mixed-severity
regimes (Agee, 1996; Hessburg et al., 2007; Spies et al., 2019).

2.2.3. Spatial data used in method application

We used the following spatial datasets in our method: (1) Unburned
areas dataset from 2013 to 2018 (Meddens et al., 2018a), (2) spotted owl
nesting/roosting habitat suitability (vegetation reference year, 2012;
Davis et al., 2016), (3) spotted owl cover type patterns (vegetation
reference year, 2012; Davis et al., 2016), and disturbance (burn severity,

MTBS, 2020; timber harvest, USFS, 2020). For the purposes of illus-
trating our model, we selected 15 fires from 2013 to 2019 that burned >
400 ha (mean, 2,065 ha; range, 404-7,734 ha) of suitable spotted owl
nesting/roosting habitat. The 400-ha cutoff was chosen because this is
an area sufficient to affect multiple spotted owl pairs (Franklin et al.,
2000b). We only selected fires after 2012, because the habitat suitability
dataset accounts for fires prior to 2012 and land managers often need
methods to update spatial datasets (spotted owl habitat suitability model
updated periodically, every ~ 5 years) with recent events (e.g. wildfire)
for conservation planning. For unburned areas, we compiled the existing
unburned areas dataset from 2013 to 2014 (Meddens et al., 2018a) with
unburned areas identified using the same methods from 2015 to 2018
(see Appendix S1: Table S1 for Landsat image acquisition dates). Un-
burned areas for the period 2013-2018 were delineated using the field-
validated classification tree of spectral indices derived from Landsat
data (30-m raster) following Meddens et al., (2016). This dataset is the
presence/absence of an unburned pixel. These pixels were then aggre-
gated with adjacent pixels into unburned areas with a minimum area of
0.18 ha (2 Landsat pixels). The accuracy for unburned area detection
was 89% (Meddens et al., 2016). For the purposes of our analysis, the
geometry of unburned areas was converted to polygons (from raster)
and the area of each unburned area was extracted as a model input. By
only examining unburned areas (rather than including low burn severity
areas) as nesting/roosting habitat, our method is more conservative than
methods including higher levels of burn severity and we provide man-
agers with a clear and consistent definition of fire refugia.

The habitat suitability and cover type patterns datasets were both
used as model inputs and here we briefly summarize the methods used
by Davis et al. (2016) to create these datasets. In the following para-
graph, we detail how the habitat suitability and cover type patterns
datasets were modified with the disturbance datasets. The habitat suit-
ability dataset (30-m raster) was created by predicting presence of
nesting/roosting behavior by spotted owl pairs using nine gridded forest
structure and tree species composition predictor variables in a maximum
entropy species distribution model (Davis et al., 2016). Habitats were
classified as unsuitable, marginal, suitable, or highly suitable, and we
reclassified these classes to suitable habitat (suitable and highly suit-
able) and unsuitable habitat (unsuitable and marginal). Model valida-
tion produced ‘area under curve’ values ranging from 0.78 to 0.87. The
cover type patterns dataset (100-m raster), also developed by Davis
etal., (2016), was created to assess the potential effects of fragmentation
on spotted owl habitat and classified spotted owl habitat type as non-
habitat (background), edge, core-edge, and core. Core habitat (or
‘interior habitat’) was spotted owl habitat > 100 m from non-habitat,
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Fig. 2. Map illustrating the extent of fires (orange, n
= 15; MTBS 2020) and suitable nesting and roosting
habitat for the northern spotted owl (NSO; green;
Davis et al., 2016) within the two focal physiographic
provinces (thick blue line; USFS, 2013) in the eastern
Cascade Mountains of Oregon and Washington, U.S.
The inset map shows the location of the study area in
the Pacific Northwest. Only portions of fires within
the focal physiological provinces were included in the
analysis. White areas are not spotted owl nesting/
roosting habitat. (For interpretation of the references
to colour in this figure legend, the reader is referred to
the web version of this article.)
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core—edge habitat was adjacent to core or edge habitat (no distance
requirement from non-habitat), and edge habitat was on the margins of
core-edge habitat and adjacent to non-habitat.

High severity fire and some timber harvesting practices remove
suitable habitat and increase habitat fragmentation, thereby affecting
spatial patterns in spotted owl habitat (Davis et al. 2016). Areas that
burn at high severity (>75% tree canopy cover loss) are generally
considered unsuitable nesting/roosting habitat for spotted owls (Com-
fort et al., 2016; Jones et al., 2016; Lesmeister et al., 2019), because
occupancy and survival often decline in these areas following fire (Clark
et al., 2013; Rockweit et al., 2017). For burn severity, we used the
RANBR (Relative differenced Normalized Burn Ratio), a commonly used
index that assesses relative change in dominant vegetation from pre- and
post-fire fire images, to identify areas that burned at high severity
(Rockweit et al., 2017). RANBR was downloaded, if available, from
Monitoring Trends in Burn Severity project (MTBS, 2020) or computed
using MTBS methods with Landsat data downloaded from Earth Ex-
plorer (USGS, 2020). We derived the RANBR threshold for high severity
fire by predicting RANBR from the composite burn index (CBI; Key and
Benson, 2006) and evaluting the RANBR value (>615) that corre-
sponded to the CBI threshold for high severity fire (>2.25; Appendix S1:
Fig. S1, Table S3). Our RANBR value roughly corresponds to the RANBR
value for high severity fire (basal area morality > 75%; RANBR > 648)
previously found in the southern half of the study area (Meigs et al.,
2020). For timber harvest, areas that were ‘clear-cut harvest’ after 2012
(year of habitat suitability model) were identified using the ‘Timber
Harvest’ dataset (USFS, 2020). In the habitat suitability dataset, areas of
suitable habitat were reclassified as unsuitable if they were clear-cut or
burned at high severity. Based on the finding that optimal spotted owl
habitat within the territory (i.e., surrounding area) was ~ 20% frag-
mented (Glenn et al., 2017), we reclassified core and core-edge habitat
in the cover type patterns dataset if > 20% of the 100-m focal pixel

burned at high severity or was clear-cut by downgrading these pixels to
non-habitat. Adjacent pixels were also reclassified based on the criteria
for core/core-edge habitat (see above) such that core habitat was only
adjacent to core-edge habitat and neither were present if core habitat
was no longer present (Davis et al., 2016).

2.2.4. Model application

We selected three characteristics within the unburned area (i.e.,
potential or existing nest patch) and two characteristics of the area
surrounding (i.e., territory) the unburned area as model input variables
(Fig. 1). For characteristics within the unburned area, we selected area,
proportion of suitable nesting/roosting habitat, and presence/absence
of core/core-edge habitat. For characteristics of areas surrounding un-
burned areas, we examined the area within 2.5 km of the unburned area
edge and selected the proportion of suitable habitat and proportion of
core/core—edge habitat within this area. The distance of 2.5 km ap-
proximates the home range of spotted owls pairs on the eastern slope of
the Cascades (Forsman et al., 2015) and allows comparison with the
distance of 2.9 km used in U.S. Fish and Wildlife Service and Washington
State Environmental Policy (sensu Forsman et al., 2015).

We used previous research relating spotted owl fitness to habitat
characteristics to develop thresholds for our fuzzy logic model (Table 1).
We considered each input variable to be positively correlated with
higher quality habitat for spotted owls, because greater area of suitable
habitat is positively correlated with owl fitness (e.g., annual survival and
reproductive success increase with amount of suitable habitat in terri-
tory; Dugger et al., 2016). All input criteria were weighted equally in the
intermediate propositions; however, weights in the final proposition
were 80% for suitability of habitat within unburned area and 20% for
suitability of habitat surrounding unburned area. In eastern Washington
forests, characteristics of the spotted owl nest patch, such as distance to
interior of patch (accounted for by area of burned area and core habitat)
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and percentage of suitable nesting/roosting habitat within 200-m radius
(12.6 ha), were considerably more important predictors of suitable
habitat (explained 76.1% of variability) than the surrounding (i.e., ter-
ritory) area (explained 1.9% of variability; Glenn et al., 2017).

Investigating how characteristics of the pre-fire habitat and fire
impacted the refugia index may help land managers in landscape scale
planning. As such, we constructed bivariate relationships using gener-
alized linear models to examine how the highest RI values within a fire
(mean of upper 95th percentile per fire) were affected by burn severity
(low, mod., high), area burned, and percent of the area within the fire
perimeter covered by suitable nest/roosting habitat and core/core-edge
habitat. Given a relatively small sample size of 15 fires, we only exam-
ined bivariate relationships (rather than multiple regression) and eval-
uated statistical significance with a = 0.10 to minimize failure to detect
meaningful relationships (i.e., type II error).

3. Results

The RI, an index of the quality of unburned areas for a focal wildlife
species (here, spotted owl), was the output of the fuzzy logic model
(Fig. 1). In our analysis of 15 fires in the eastern Cascades (Fig. 2), there
were of 274 isolated unburned areas per fire (median, range 49 to 545,
total 4,278) that were > 0.18 ha in size (minimum size for unburned
areas). Unburned areas represented 1.7% (median, range 0.5-8.2%) of
the area within fire perimeters (Appendix S1: Table S2). Fire perimeters
contained 1,373 ha (median, range 404-7734) of suitable spotted owl
nesting/roosting habitat pre-fire and 28 ha (6-439 ha) of core/cor-
e-edge habitat pre-fire (Appendix S1: Table S2). Fires burned 96%
(median, range 82-99%) of suitable nesting/roosting habitat (all se-
verities combined) of which 44% (median across fires, range 22-70%)
burned at high severity (Fig. 3A). Similarly, fires burned 99% (range
84-100%) of core/core—edge habitat (all severities combined) of which
44% (range 9-82%) burned at high severity (Fig. 3B). For example, the
Jolly Mountain Fire, which contained ~ 50% suitable habitat pre-fire,
burned 29% of suitable habitat at high severity and ~ 27% of core/
core-edge habitat at high severity (Fig. 4).

Examining characteristics of model inputs within unburned areas
across fires, most unburned areas (mean 78% +2.48 (se) across fires)
contained < 1% suitable nesting/roosting habitat (Fig. 5A), but a few
unburned areas (8% =+ 0.90) in each fire contained > 75% suitable
nesting/roosting habitat (Fig. 5A). The presence of core/core-edge
habitat occurred within very few unburned areas (3.8% +1.05, Fig. 5B).

100

A
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50 A

Percent

unburned low  mod.  high
Burn severity of suitable habitat
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Unburned areas were generally small (median 0.27 ha; range
0.18-96.93 ha) and few unburned areas (0.77% +0.12) were greater
than the mean nest patch size (12.6 ha) for spotted owls (Fig. 5C).
Examining characteristics of model inputs for areas surrounding (<2.5
km) unburned areas across fires, the most suitable unburned areas
(>70% suitable nesting/roosting habitat) rarely occurred (5.36% +3.3
of unburned areas, Fig. 5D). Nearly all unburned areas (99%) were
surrounded by < 25% core/core-edge habitat (<1% and 1-25%
combine) and no unburned areas (in any fire) were surrounded by >
50% core/core-edge habitat (Fig. 5E).

The RI values for all fires were generally very low (median, —0.87;
range, —1.0-0.46; Fig. 5F; Appendix S1: Fig S2) relative to the possible
range of model outputs (-1-1). The pronounced peak in the RI at ~ -0.98
(Fig. 5F) resulted from many small (<1 ha) unburned areas (Fig. 5C)
without suitable habitat (Fig. 5A, D) or core/core—edge habitat (Fig. 5B).
The relatively smaller peaks in the distribution of the RI at —0.7 and
—0.4 (Fig. 5F) resulted from slightly larger unburned areas (Fig. 5C)
with increasing amounts of suitable habitat (Fig. 5A) and core/cor-
e—edge habitat both within and surrounding the unburned area (Fig. 5D,
E). The peak at ~ 0.1 (Fig. 5F) generally resulted from > 75% suitable
habitat (Fig. 5A) and core/core-edge habitat presence within the un-
burned area (Fig. 5B) and higher than mean amounts of suitable habitat
and core/core-edge habitat in the 2.5 km surrounding the unburned
area (Fig. 5D, E). There were a mean of 7 unburned areas per fire
(median, range 2 to 21) that had a RI greater than zero (see example for
Jolly Mountain fire, Fig. 4D).

The mean of the upper 95th percentile of RI for fires was —0.19
(range —0.46-0.21). The RI (mean of upper 95th percentile) increased
with higher percentages of low burn severity (Fig. 6A), while we found
no effects of moderate and high severity fire on the RI (Appendix S1:
Table S4). The RI also increased in fires with higher percentages of the
area within the fire perimeter containing pre-fire suitable habitat (%)
and core/core—edge habitat (%) (Fig. 6B, C).

4. Discussion

The primary contribution of this study is the development and
demonstration of a method that assessed the quality of fire refugia for
wildlife species’ habitat based on preferred habitat characteristics
within and surrounding unburned areas. Using the spotted owl as our
focal species, we identified relatively higher versus lower quality fire
refugia for nesting/roosting habitat in 15 fires on the eastern side of the
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Fig. 3. Percent of A) pre-fire suitable spotted owl nesting and roosting habitat or B) core/core-edge habitat by burn severity class for 15 fires that burned > 400 ha of
suitable spotted owl habitat in the eastern Cascade Mountains, illustrating that within fire perimeters suitable northern spotted owl habitat burns more frequently at
higher severity. Hollow black circles are values from individual fires. See Appendix S1: Table S3 for burn severity thresholds. In boxplots, the thick black horizontal
line within the box is the median, the box represents the interquartile range (25th-75th percentiles; IQR) of the distribution, the whiskers extend no further than 1.5

times the IQR, and the solid black circles beyond the whiskers are outliers.



R.A. Andrus et al.

Forest Ecology and Management 482 (2021) 118868

.y B

0- 100 [200m

[ ]Fire perimeter

. Unburned area
Low severity fire
Mod. severity fire

I High severity fire

B suitable habitat

H Core/core-edge
habitat 023 Refugia index

Unsuitable or non-core/
core-edge habitat

N Suitable and core/core-
edge habitat (D only)

7 (D only)

Fig. 4. Maps illustrating spatial overlap of high severity fire with A) suitable (including highly suitable) spotted owl nesting and roosting habitat (pre-fire) and B)
spotted owl core and core-edge habitat (pre-fire) as well as unburned areas in the Jolly Mountain Fire, WA. C) Burn severity in four classes: unburned, low severity,
moderate severity, and high severity (see Appendix S1: Table S1 for burn severity thresholds). D) Example refugia index from fuzzy logic model for unburned areas
(-1 (lower quality) to 1 (higher quality)), illustrating higher quality refugia within suitable and core/core-edge habitat and lower quality refugia in unsuit-

able habitat.

Cascade Mountains. Our method illustrates how land managers can use
readily available spatial data and analysis tools to understand fire effects
on species’ habitat and use a transparent method to prioritize areas for
post-fire conservation.

We identified a few unburned areas in each study fire that exhibited
characteristics of higher quality fire refugia, but most unburned areas
were low quality fire refugia for spotted owl nesting/roosting habitat
(Fig. 4). By comparing spotted owl nesting/roosting habitat preferences
(Table 1) to characteristics within and surrounding unburned areas, we
improved the understanding of factors limiting the quality of fire refugia
for nesting/roosting in unburned areas (Fig. 5). Several unburned areas
within each fire contained a high percentage of suitable habitat in our
study fires; such inclusions of high-quality habitat within a larger
burned matrix may function as fire refugia for spotted owls (Gaines
et al., 1995). Most unburned areas were, however, much smaller (me-
dian size 0.27 ha) than the average nest patch size (~12.6 ha, Glenn
et al., 2017). The small size of unburned areas and loss of core/cor-
e—edge habitat likely reduced the distance to the interior of large patches
of suitable nesting/roosting habitat, which is generally found to be
negatively associated with site suitability for nesting/roosting habitat (i.
e., low quality fire refugia; Dugger et al., 2016).

Examining the area surrounding unburned areas, high severity fire
removed substantial amounts of suitable and core/core-edge habitat

(44% loss) and likely further fragmented areas of nesting/roosting
habitat within the fire perimeter (Figs. 3, 5). Such losses of suitable
habitat are expected and accounted for in critical habitat management
plans (USFWS, 2011) due to their negative effects on, for example,
spotted owl survival and recruitment (Rockweit et al., 2017). Never-
theless, most unburned areas were surrounded by < 25% suitable
nesting roosting habitat, which is well below the ~ 80% preferred by
spotted owls range-wide (Glenn et al., 2017), 55-57% preferred by
spotted owls in the eastern Cascades (Forsman et al., 2015), and 40%
recommend by Washington State Forest Practices Board Rules (Wash-
ington State Environmental Policy Act, 2006). By highlighting unburned
areas with both lower and higher quality spotted owl nesting/roosting
habitat characteristics, we demonstrate key differences among un-
burned areas in habitat quality. Understanding such differences may
help land managers and biologists identify unburned areas for conser-
vation that have a higher chance of functioning as fire refugia for spotted
owl nesting/roosting habitat (or other desired focal species).
Broadening the spatial scale of analysis from the individual un-
burned area to the entire fire, we found that the higher RI values (mean
of 95th percentile per fire) for spotted owl nesting/roosting occurred in
study fires with more suitable habitat and core/core-edge habitat pre-
fire (Figs. 4, 6). Unburned areas and spatial patterns in burn severity
are created by the complex interaction of fire weather, topography, and
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Fig. 6. Bivariate relationships (blue line) examining factors affecting mean of upper 95th percentile of refugia index (sampling unit is fire), including A) low burn
severity, B) percent of area within fire perimeter covered by suitable nesting/roosting habitat for northern spotted owls pre-fire, and C) percent of area within fire
perimeter covered by core/core-edge habitat for northern spotted owls pre-fire. Linear model and P-values indicate results from generalized linear model, and the

title is the x-axis label. Numerical results presented in Appendix S1: Table S4 for all relationships. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

fuels (Krawchuk et al., 2016; Meigs et al., 2020; Parks et al., 2018) and successional reserves) were more likely to produce refugia (<10%
threatened habitats can be prioritized for protection during fires. Forest basal area mortality from fire) in the southern portion of our study area
structures associated with suitable nesting/roosting habitat (i.e., late- (Meigs et al., 2020) and this may have contributed to higher RI values in
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fires with more suitable nesting/roosting habitat pre-fire in our study.
Additionally, our results suggest that higher RI values for nesting/
roosting habitat occur in fires when more area burns at low severity,
which tends to occur during more moderate fire weather conditions
(Meigs et al., 2020).

Our goal was to use existing datasets in a relatively simple modeling
framework to produce a spatially explicit RI to inform post-fire land
management. In our method, we omitted some variables due to data
availability and specified thresholds in our fuzzy logic model that may
have important effects on habitat and demography. Our results need to
be considered in this context. First, higher RI values produced by the
fuzzy logic model would benefit from field validation to ensure that
unburned areas did not burn, contain habitat characteristics suitable for
the focal wildlife species, and are used by the focal species (e.g., pres-
ence of nesting/roosting spotted owls) more commonly than unburned
areas with lower RI values. In the context of spotted owls, areas with
prior nesting/roosting activity by spotted owls that did not burn might
be considered higher priority for conservation given the tendency for
spotted owls to return to prior nesting areas. Second, we could not ac-
count for competitive interactions with other species. Again, in the
context of spotted owls, competition for resources (e.g., habitat) be-
tween the spotted owl and barred owl is a key contributor to range-wide
declines in spotted owl populations (Long and Wolfe, 2019; Wiens et al.,
2014). Third, our method assessed the RI immediately post-fire and thus
does not account for potential changes in habitat that affect focal species
demography with time since fire, such as delayed tree mortality or
stands increasing/decreasing in habitat suitability. However, we note
that our method is flexible and could be readily revised or updated as
new information or data becomes available. Fourth, for some wildlife
species unburned areas may be too restrictive and the limits for delin-
eating unburned areas should be adjusted to also include, for example,
low severity fire. While it is important to consider our RI in the context
of these limitations, our method offers a repeatable, transparent, and
objective means to evaluate fire effects on wildlife habitat and identify
higher-quality fire refugia.

5. Management implications

Wildfires present a challenge for managing at-risk wildlife species,
because fires are often beyond the control of land managers (Spies et al.,
2019). Understanding the variability in quality of unburned areas to
function as fire refugia for a particular species is a key challenge in post-
fire management (Martinez et al., 2019a). A flexible and readily
adaptable method, such as the one presented in this paper, that in-
corporates publicly available spatial habitat and disturbance data as
well as empirical studies and expert knowledge is a powerful spatial
planning tool for science-based management following fire. The current
iteration of our method was developed logically for wildlife species that
use areas within and surrounding unburned areas, but the approach is
broadly applicable to other species with different life-history re-
quirements, such as sage-grouse (Centrocercus urophasianus; Steenvoor-
den et al. 2019) and long-footed potoroos (Potorous longipes; NRE, 2000).
The capacity to add and adjust parameters (model inputs, operators, and
weights) is the primary method by which end users could update the
model with new information, apply the model to spotted owls in a
specific geographic region or adapt the method to other wildlife species,
depending on management objectives and policy. Given limited
resource availability for restoration and time required to regrow, for
example, late-successional habitat structures, prioritizing conservation
of higher quality fire refugia can help reduce the high costs to maintain
habitat for a focal species (Bottrill et al., 2009). Furthermore, the
spatially explicit nature of our product would allow it to be coupled with
existing habitat models assessing, for example, wildlife species special-
izing in burned landscapes (black-backed woodpecker, Picoides arcticus;
FIRE-BIRD; Latif et al., 2019) to identify areas (burned and unburned)
that may be beneficial to a variety of species versus activities
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detrimental for many wildlife species (e.g., salvage logging). By
explicitly investigating the quality of unburned areas and developing
maps of locations of higher quality fire refugia, our method could help
support spatial planning and adaptive management in conservation for
at-risk species.

CRediT authorship contribution statement

Robert A. Andrus: Conceptualization, Methodology, Data curation,
Formal analysis, Visualization, Writing - original draft, Writing - review
& editing. Anthony J. Martinez: Conceptualization, Methodology,
Visualization, Writing - original draft, Writing - review & editing. Gavin
M. Jones: Writing - review & editing, Visualization. Arjan J.H. Med-
dens: Conceptualization, Methodology, Writing - review & editing,
Supervision.

Declaration of Competing Interest
The authors declared that there is no conflict of interest.
Acknowledgements

We thank Stan Sovern, Aja Woodrow, Peter Singleton, Dan Youkey,
Phil Andrus, and two anonymous reviewers for comments on an earlier
version of this manuscript. This research was supported by the Joint Fire
Science Program (JFSP, Cooperative Agreement L16AC00202) and by
the USDA National Institute of Food and Agriculture, McIntire Stennis
project WNP0OO0009.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foreco.2020.118868.

References

Abatzoglou, J.T., Williams, A.P., Barbero, R., 2018. Global emergence of anthropogenic
climate change in fire weather indices. Geophys. Res. Lett. https://doi.org/10.1029/
2018GL080959.

Agee, J.K., 1996. Fire ecology of pacific northwest forest. Island Press, Washington.

Baker, W.L., 2015. Historical Northern spotted owl habitat and old-growth dry forests
maintained by mixed-severity wildfires. Landsc. Ecol. 30, 655-666. https://doi.org/
10.1007/5s10980-014-0144-6.

Bottrill, M.C., Joseph, L.N., Carwardine, J., Bode, M., Cook, C., Game, E.T.,

Grantham, H., Kark, S., Linke, S., McDonald-Madden, E., Pressey, R.L., Walker, S.,
Wilson, K.A., Possingham, H.P., 2009. Finite conservation funds mean triage is
unavoidable. Trends Ecol. Evol. 24, 183-184. https://doi.org/10.1016/j.
tree.2008.11.007.

Bowman, D.M.J.S., Kolden, C.A., Abatzoglou, J.T., Johnston, F.H., van der Werf, G.R.,
Flannigan, M., 2020. Vegetation fires in the Anthropocene. Nat Rev Earth Environ 1,
500-515. https://doi.org/10.1038/s43017-020-0085-3.

Buchanan, J.B., Irwin, L.L., McCutchen, E.L., 1995. Within-stand nest site selection by
spotted owls in the eastern Washington Cascades. J. Wildl. Manag. 59, 301-310.
https://doi.org/10.2307/3808943.

Burrough, P.A., 1989. Fuzzy mathematical methods for soil survey and land evaluation.
J. Soil Sci. 40, 477-492. https://doi.org/10.1111/j.1365-2389.1989.tb01290.x.

Camp, A., Oliver, C., Hessburg, P., Everett, R., 1997. Predicting late-successional fire
refugia pre-dating European settlement in the Wenatchee Mountains. For. Ecol.
Manag. 95, 63-77. https://doi.org/10.1016/50378-1127(97)00006-6.

Chapman, T.B., Schoennagel, T., Veblen, T.T., Rodman, K.C., 2020. Still standing: Recent
patterns of post-fire conifer refugia in ponderosa pine-dominated forests of the
Colorado Front Range. PLoS ONE 15, e0226926. https://doi.org/10.1371/journal.
pone.0226926.

Chia, E.K., Bassett, M., Nimmo, D.G., Leonard, S.W.J., Ritchie, E.G., Clarke, M.F.,
Bennett, A.F., 2015. Fire severity and fire-induced landscape heterogeneity affect
arboreal mammals in fire-prone forests. Ecosphere 6, art190. https://doi.org/
10.1890/ES15-00327.1.

Clark, D.A., Anthony, R.G., Andrews, L.S., 2013. Relationship between wildfire, salvage
logging, and occupancy of nesting territories by northern spotted owls. J. Wildl.
Manag. 77, 672-688. https://doi.org/10.1002/jwmg.523.

Clarke, P.J., 2002. Habitat islands in fire-prone vegetation: do landscape features
influence community composition? J. Biogeogr. 8, 677-684.

Collins, L., Bennett, A.F., Leonard, S.W.J., Penman, T.D., 2019. Wildfire refugia in
forests: Severe fire weather and drought mute the influence of topography and fuel
age. Glob. Change Biol. 25, 3829-3843. https://doi.org/10.1111/gcb.14735.


https://doi.org/10.1016/j.foreco.2020.118868
https://doi.org/10.1016/j.foreco.2020.118868
https://doi.org/10.1029/2018GL080959
https://doi.org/10.1029/2018GL080959
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0010
https://doi.org/10.1007/s10980-014-0144-6
https://doi.org/10.1007/s10980-014-0144-6
https://doi.org/10.1016/j.tree.2008.11.007
https://doi.org/10.1016/j.tree.2008.11.007
https://doi.org/10.1038/s43017-020-0085-3
https://doi.org/10.2307/3808943
https://doi.org/10.1111/j.1365-2389.1989.tb01290.x
https://doi.org/10.1016/S0378-1127(97)00006-6
https://doi.org/10.1371/journal.pone.0226926
https://doi.org/10.1371/journal.pone.0226926
https://doi.org/10.1890/ES15-00327.1
https://doi.org/10.1890/ES15-00327.1
https://doi.org/10.1002/jwmg.523
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0060
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0060
https://doi.org/10.1111/gcb.14735

R.A. Andrus et al.

Comfort, E.J., Clark, D.A., Anthony, R.G., Bailey, J., Betts, M.G., 2016. Quantifying edges
as gradients at multiple scales improves habitat selection models for northern
spotted owl. Landsc. Ecol. 31, 1227-1240. https://doi.org/10.1007/s10980-015-
0330-1.

Davis, R., Yang, Z., Yost, A., Belongie, C., Cohen, W., 2017. The normal fire
environment—Modeling environmental suitability for large forest wildfires using
past, present, and future climate normals. For. Ecol. Manag. 390, 173-186. https://
doi.org/10.1016/j.foreco.2017.01.027.

Davis, R.J., Hollen, B., Hobson, J., Gower, J.E., Keenum, D., 2016. Status and trends of
northern spotted owl habitats. Gen. Tech. Rep. - Pac. Northwest Res. Stn. USDA For.
Serv. 54-pp.

DellaSala, D.A., Baker, R., Heiken, D., Frissell, C.A., Karr, J.R., Kim Nelson, S., Noon, B.
R., Olson, D., Strittholt, J., 2015. Building on two decades of ecosystem management
and biodiversity conservation under the Northwest Forest Plan. USA Forests 6,
3326-3352. https://doi.org/10.3390/f6093326.

Department of Sustainability and Environment (DSE) (2009) Action statement, Flora and
Fauna Guarantee Act 1988 No.58 Long-footed potoroo (Potorous longipes).
Department of Sustainability and Environment, Victorian Government, Melbourne.

Dugger, K.M., Forsman, E.D., Franklin, A.B., Davis, R.J., White, G.C., Schwarz, C.J.,
Burnham, K.P., Nichols, J.D., Hines, J.E., Yackulic, C.B., Doherty, P.F., Bailey, L.,
Clark, D.A., Ackers, S.H., Andrews, L.S., Augustine, B., Biswell, B.L., Blakesley, J.,
Carlson, P.C., Clement, M.J., Diller, L.V., Glenn, E.M., Green, A., Gremel, S.A.,
Herter, D.R., Higley, J.M., Hobson, J., Horn, R.B., Huyvaert, K.P., McCafferty, C.,
McDonald, T., McDonnell, K., Olson, G.S., Reid, J.A., Rockweit, J., Ruiz, V.,

Saenz, J., Sovern, S.G., 2016. The effects of habitat, climate, and Barred Owls on
long-term demography of Northern Spotted Owls. The Condor 118, 57-116. https://
doi.org/10.1650/CONDOR-15-24.1.

Forsman, E.D., Sovern, S.G., Taylor, M., Biswell, B.L., 2015. Home range and habitat
selection by northern spotted owls on the eastern slope of the Cascade Mountains.
Washington. J. Raptor Res. 49, 109-128. https://doi.org/10.3356/rapt-49-02-109-
128.1.

Forsman, E.D., Meslow, E.C., Wight, H.M., 1984. Distribution and biology of the spotted
owl in Oregon. Wildlife Monographs 87, 3-64.

Franklin, A.B., Anderson, D.R., Gutiérrez, R.J., Burnham, K.P., 2000a. Climate, habitat
quality, and fitness in northern spotted owl populations in northwestern California.
Ecol. Monogr. 70, 539-590. https://doi.org/10.1890,/0012-9615(2000)070[0539:
CHQAFI]2.0.CO;2.

Franklin, J.F., Lindenmayer, D., MacMahon, J.A., McKee, A., Magnuson, J., Perry, D.A.,
Waide, R., Foster, D., 2000b. Threads of Continuity. There are immense differences
between even-aged silvicultural disturbances (especially clearcutting) and natural
disturbances, such as windthrow, wildfire, and even volcanic eruptions.
Conservation in Practice 1, 8-17. https://doi.org/10.1111/j.1526-4629.2000.
tb00155.x.

Franklin, J., Dyrness, C.T., 1973. Natural Vegetation of Oregon and Washington (PNW-
GTR-008). U.S. Department of Agriculture, Forest Service, Pacific Northwest
Research Station, Portland, OR.

Gaines, W.L., Strand, R.A., Piper, S.D., 1995. Effects of the Hatchery Complex Fires on
Northern Spotted Owls in the Eastern Washington Cascades. Proc. — Fire Eff. Rare
Endanger. Species Habitats Conf. 123-129.

Gartner, S., Reynolds, K.M., Hessburg, P.F., Hummel, S., Twery, M., 2008. Decision
support for evaluating landscape departure and prioritizing forest management
activities in a changing environment. For. Ecol. Manag. 256, 1666-1676. https://
doi.org/10.1016/j.foreco.2008.05.053.

Geary, W.L., Doherty, T.S., Nimmo, D.G., Tulloch, A.L.T., Ritchie, E.G., 2020. Predator
responses to fire: A global systematic review and meta-analysis. J. Anim. Ecol. 89,
955-971. https://doi.org/10.1111/1365-2656.13153.

Glenn, E.M., Lesmeister, D.B., Davis, R.J., Hollen, B., Poopatanapong, A., 2017.
Estimating density of a territorial species in a dynamic landscape. Landscape Ecol.
32, 563-579. https://doi.org/10.1007/5s10980-016-0467-6.

He, T., Lamont, B.B., Pausas, J.G., 2019. Fire as a key driver of Earth’s biodiversity. Biol.
Rev. 94, 1983-2010. https://doi.org/10.1111/brv.12544.

Hessburg, P.F., Salter, R.B., James, K.M., 2007. Re-examining fire severity relations in
pre-management era mixed conifer forests: inferences from landscape patterns of
forest structure. Landsc. Ecol. 22, 5-24. https://doi.org/10.1007/510980-007-9098-
2.

Hutto, R.L., Hutto, R.R., Hutto, P.L., 2020. Patterns of bird species occurrence in relation
to anthropogenic and wildfire disturbance: Management implications. For. Ecol.
Manag. 461, 117942 https://doi.org/10.1016/j.foreco.2020.117942.

Jones, G.M., Gutiérrez, R., Tempel, D.J., Whitmore, S.A., Berigan, W.J., Peery, M.Z.,
2016. Megafires: an emerging threat to old-forest species. Front. Ecol. Environ. 14,
300-306. https://doi.org/10.1002/fee.1298.

Jones, G.M., Gutiérrez, R.J., Kramer, H.A., Tempel, D.J., Berigan, W.J., Whitmore, S.A.,
Peery, M.Z., 2019. Megafire effects on spotted owls: elucidation of a growing threat
and a response to Hanson et al. (2018). Nat. Conserv. 37, 31-51. https://doi.org/
10.3897 /natureconservation.37.32741.

Kelly, L.T., Bennett, A.F., Clarke, M.F., Mccarthy, M.A., 2015. Optimal fire histories for
biodiversity conservation. Conserv. Biol. 29, 473-481.

Key, C.H., Benson, N.C., 2006. Landscape assessment, ground measure of severity of the
composition burn index and remote sensing severity. FIREMON: Fire effects of
inventory system. (Gen. Tech. Rep. RMRS-GTR-164-CD). US Department of
Agriculture, Forest Service, Rocky Mountain Research Station, Fort Collins, CO.

Krawchuk, M.A., Haire, S.L., Coop, J., Parisien, M., Whitman, E., Chong, G., Miller, C.,
2016. Topographic and fire weather controls of fire refugia in forested ecosystems of
northwestern North America. Ecosphere 7. https://doi.org/10.1002/ecs2.1632.

Krawchuk, M.A., Meigs, G.W., Cartwright, J.M., Coop, J.D., Davis, R., Holz, A.,
Kolden, C., Meddens, A.J., 2020. Disturbance refugia within mosaics of forest fire,

Forest Ecology and Management 482 (2021) 118868

drought, and insect outbreaks. Front. Ecol. Environ. 18, 235-244. https://doi.org/
10.1002/fee.2190.

Latif, Q.S., Ivan, J.S., Seglund, A.E., Pavlacky, D.L., Truex, R.L., 2020. Avian
relationships with bark beetle outbreaks and underlying mechanisms in lodgepole
pine and spruce-fir forests of Colorado. For. Ecol. Manag. 464, 118043 https://doi.
org/10.1016/j.foreco.2020.118043.

Latif, Q.S., Saab, V.A., Haas, J.R., Dudley, J.G., 2019. FIRE-BIRD: A GIS-based toolset for
applying habitat suitability models to inform land management planning (RMRS-
GTR No. 391). US Department of Agriculture, Forest Service, Rocky Mountain
Research Station, Fort Collins, CO.

Landesmann, J.B., Morales, J.M., 2018. The importance of fire refugia in the
recolonization of a fire-sensitive conifer in northern Patagonia. Plant Ecol. 219,
455-466. https://doi.org/10.1007/s11258-018-0808-4.

Lee, D.E., 2018. Spotted Owls and forest fire: a systematic review and meta-analysis of
the evidence. Ecosphere 9, €02354. https://doi.org/10.1002/ecs2.2354.

Lee, D.E., Bond, M.L., 2015. Occupancy of California Spotted Owl sites following a large
fire in the Sierra Nevada, California. The Condor 117, 228-236. https://doi.org/
10.1650/CONDOR-14-155.1.

Lesmeister, D.B., Sovern, S.G., Davis, R.J., Bell, D.M., Gregory, M.J., Vogeler, J.C., 2019.
Mixed-severity wildfire and habitat of an old-forest obligate. Ecosphere 10, e02696.
https://doi.org/10.1002/ecs2.2696.

Long, L.L., Wolfe, J.D., 2019. Review of the effects of barred owls on spotted owls.

J. Wildl. Manag. 83, 1281-1296. https://doi.org/10.1002/jwmg.21715.

Martinez, A., Meddens, A., Kolden, C., Hudak, A., 2019a. An assessment of fire refugia
importance criteria ranked by land managers. Fire 2, 27. https://doi.org/10.3390/
fire2020027.

Martinez, A.J., Meddens, A.J.H., Kolden, C.A., Strand, E.K., Hudak, A.T., 2019b.
Characterizing persistent unburned islands within the Inland Northwest USA. Fire
Ecol. 15, 20. https://doi.org/10.1186/542408-019-0036-x.

McKelvey KS and Noon BR. 2001. Incorporating uncertainties in animal location and
map classification into habitat relationships modeling. Chapter 4 in: Spatial
Uncertainty in Ecology: Implications for Remote Sensing and GIS Applications
(Hunsaker CT, Goodchild MF, Friedl MA, Case TJ, eds.). 402 p. Springer, New York.

Meddens, A.J.H., Kolden, C.A., Lutz, J.A., 2016. Detecting unburned areas within
wildfire perimeters using Landsat and ancillary data across the northwestern United
States. Remote Sens. Environ. 186, 275-285. https://doi.org/10.1016/j.
rse.2016.08.023.

Meddens, A.J.H., Kolden, C.A., Lutz, J.A., Abatzoglou, J.T., Hudak, A.T., 2018a.
Spatiotemporal patterns of unburned areas within fire perimeters in the
northwestern United States from 1984 to 2014. Ecosphere 9, €02029. https://doi.
org/10.1002/ecs2.2029.

Meddens, A.J.H., Kolden, C.A., Lutz, J.A., Smith, A.M.S., Cansler, C.A., Abatzoglou, J.T.,
Meigs, G.W., Downing, W.M., Krawchuk, M.A., 2018b. Fire refugia: what are they,
and why do they matter for global change? Bioscience 944-954. https://doi.org/
10.1093/biosci/biy103.

Meigs, G., Krawchuk, M., 2018. Composition and structure of forest fire refugia: what are
the ecosystem legacies across burned landscapes? Forests 9, 243. https://doi.org/
10.3390/f9050243.

Meigs, G.W., Dunn, C.J., Parks, S.A., Krawchuk, M.A., 2020. Influence of topography and
fuels on fire refugia probability under varying fire weather conditions in forests of
the Pacific Northwest. USA. Can. J. For. Res. 50, 1-12. https://doi.org/10.1139/cjfr-
2019-0406.

Moritz, M.A., Parisien, M.-A., Batllori, E., Krawchuk, M.A., Van Dorn, J., Ganz, D.J.,
Hayhoe, K., 2012. Climate change and disruptions to global fire activity. Ecosphere
3, art49. https://doi.org/10.1890/ES11-00345.1.

MTBS 2020. Monitoring trends in burn severity [online spatial data]. Retrieved from
mtbs.gov. Accessed Aug. 2020.

Natural Resources and Environment (NRE). 2000. National Long-footed Potoroo
(Potorous longipes) Recovery Plan. Department of Natural Resources and
Environment, Victoria, Australia. https://www.environment.gov.au/resource/long-
footed-potoroo-potorous-longipes-recovery-plan.

Parks, S., Holsinger, L., Panunto, M., Jolly, W.M., Dobrowski, S., Dillon, G., 2018. High
severity fire: evaluating its key drivers and mapping its probability across western
US forests. Environ. Res. Lett. 13, 044037 https://doi.org/10.1088/1748-9326/
aab791.

Peery, M.Z., Jones, G.M., Gutiérrez, R., Redpath, S.M., Franklin, A.B., Simberloff, D.,
Turner, M.G., Radeloff, V.C., White, G.C., 2019. The conundrum of agenda-driven
science in conservation. Front. Ecol. Environ. 17, 80-82. https://doi.org/10.1002/
fee.2006.

Pimm, S.L., Jenkins, C.N., Abell, R., Brooks, T.M., Gittleman, J.L., Joppa, L.N., Raven, P.
H., Roberts, C.M., Sexton, J.O., 2014. The biodiversity of species and their rates of
extinction, distribution, and protection. Science 344, 1246752. https://doi.org/
10.1126/science.1246752.

Reilly, M.J., Dunn, C.J., Meigs, G.W., Spies, T.A., Kennedy, R.E., Bailey, J.D., Briggs, K.,
2017. Contemporary patterns of fire extent and severity in forests of the Pacific
Northwest, USA (1985-2010). Ecosphere 8, e01695. https://doi.org/10.1002/
ecs2.1695.

Reynolds, K., Paplanus, S., Miller, B., Murphy, P., 2014. Design features behind success of
the ecosystem management decision support system and future development. Forests
6, 27-46. https://doi.org/10.3390/f6010027.

Robinson, N.M., 2014. Refuges for birds in fire-prone landscapes: The influence of fire
severity and fire history on the distribution of forest birds. For. Ecol. Manage. 12,
110-121.

Rockweit, J.T., Franklin, A.B., Carlson, P.C., 2017. Differential impacts of wildfire on the
population dynamics of an old-forest species. Ecology 98, 1574-1582. https://doi.
org/10.1002/ecy.1805.


https://doi.org/10.1007/s10980-015-0330-1
https://doi.org/10.1007/s10980-015-0330-1
https://doi.org/10.1016/j.foreco.2017.01.027
https://doi.org/10.1016/j.foreco.2017.01.027
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0080
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0080
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0080
https://doi.org/10.3390/f6093326
https://doi.org/10.1650/CONDOR-15-24.1
https://doi.org/10.1650/CONDOR-15-24.1
https://doi.org/10.3356/rapt-49-02-109-128.1
https://doi.org/10.3356/rapt-49-02-109-128.1
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0105
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0105
https://doi.org/10.1890/0012-9615(2000)070[0539:CHQAFI]2.0.CO;2
https://doi.org/10.1890/0012-9615(2000)070[0539:CHQAFI]2.0.CO;2
https://doi.org/10.1111/j.1526-4629.2000.tb00155.x
https://doi.org/10.1111/j.1526-4629.2000.tb00155.x
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0125
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0125
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0125
https://doi.org/10.1016/j.foreco.2008.05.053
https://doi.org/10.1016/j.foreco.2008.05.053
https://doi.org/10.1111/1365-2656.13153
https://doi.org/10.1007/s10980-016-0467-6
https://doi.org/10.1111/brv.12544
https://doi.org/10.1007/s10980-007-9098-2
https://doi.org/10.1007/s10980-007-9098-2
https://doi.org/10.1016/j.foreco.2020.117942
https://doi.org/10.1002/fee.1298
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0175
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0175
https://doi.org/10.1002/ecs2.1632
https://doi.org/10.1002/fee.2190
https://doi.org/10.1002/fee.2190
https://doi.org/10.1016/j.foreco.2020.118043
https://doi.org/10.1016/j.foreco.2020.118043
https://doi.org/10.1007/s11258-018-0808-4
https://doi.org/10.1002/ecs2.2354
https://doi.org/10.1650/CONDOR-14-155.1
https://doi.org/10.1650/CONDOR-14-155.1
https://doi.org/10.1002/ecs2.2696
https://doi.org/10.1002/jwmg.21715
https://doi.org/10.3390/fire2020027
https://doi.org/10.3390/fire2020027
https://doi.org/10.1186/s42408-019-0036-x
https://doi.org/10.1016/j.rse.2016.08.023
https://doi.org/10.1016/j.rse.2016.08.023
https://doi.org/10.1002/ecs2.2029
https://doi.org/10.1002/ecs2.2029
https://doi.org/10.1093/biosci/biy103
https://doi.org/10.1093/biosci/biy103
https://doi.org/10.3390/f9050243
https://doi.org/10.3390/f9050243
https://doi.org/10.1139/cjfr-2019-0406
https://doi.org/10.1139/cjfr-2019-0406
https://doi.org/10.1890/ES11-00345.1
https://doi.org/10.1088/1748-9326/aab791
https://doi.org/10.1088/1748-9326/aab791
https://doi.org/10.1002/fee.2006
https://doi.org/10.1002/fee.2006
https://doi.org/10.1126/science.1246752
https://doi.org/10.1126/science.1246752
https://doi.org/10.1002/ecs2.1695
https://doi.org/10.1002/ecs2.1695
https://doi.org/10.3390/f6010027
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0305
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0305
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0305
https://doi.org/10.1002/ecy.1805
https://doi.org/10.1002/ecy.1805

R.A. Andrus et al.

Sheehan, T., Bachelet, D., 2019. A fuzzy logic decision support model for climate-driven
biomass loss risk in western Oregon and Washington. PLoS ONE 14, e0222051.
https://doi.org/10.1371/journal.pone.0222051.

Sheehan, T., Gough, M., 2016. A platform-independent fuzzy logic modeling framework
for environmental decision support. Ecol. Inform. 34, 92-101. https://doi.org/
10.1016/j.ecoinf.2016.05.001.

Spies, T.A., Long, J.W., Charnley, S., Hessburg, P.F., Marcot, B.G., Reeves, G.H.,
Lesmeister, D.B., Reilly, M.J., Cerveny, L.K., Stine, P.A., Raphael, M.G., 2019.
Twenty-five years of the Northwest Forest Plan: what have we learned? Front. Ecol.
Environ. 17, 511-520. https://doi.org/10.1002/fee.2101.

Steenvoorden, J., Meddens, A.J.H., Martinez, A.J., Foster, L.J., Kissling, W.D., 2019. The
potential importance of unburned islands as refugia for the persistence of wildlife
species in fire-prone ecosystems. Ecol. Evol. 9, 8800-8812. https://doi.org/
10.1002/ece3.5432.

Swindle, K.A., Ripple, W.J., Meslow, E.C., Schafer, D., 1999. Old-Forest Distribution
around Spotted Owl Nests in the Central Cascade Mountains Oregon. J. Wildlife
Management 63, 1212. https://doi.org/10.2307/3802839.

Thomas, J.W., Franklin, J.F., Gordon, J., Johnson, K.N., 2006. The northwest forest plan:
origins, components, implementation experience, and suggestions for change.
Conserv. Biol. 20, 277-287. https://doi.org/10.1111/j.1523-1739.2006.00385.x.

USFS, 2020. Timber Harvest [online spatial data]. Spatial dataset (vector). Retrieved
from: http://data.fs.usda.gov/geodata/edw/datasets.php. Accessed Aug. 2020.

USFS, 2013. Physiographic Provinces [online spatial data]. Spatial data Regional
Ecosystem Office - Northwest Forest Plan Document Library: Maps & Data. Retrieved
from: https://www.fs.fed.us/r6/reo/library/maps.php.

USFS, 2012. National Forest System Land Management Planning Rule of 2012. Fed. Reg.
77, 21162-21276.

USFS and BLM, 1994. Final supplemental environ- mental impact statement on
management of habitat for late-successional and old-growth forest related species
within the range of the northern spotted owl. USFS, Portland, Oregon, USA.

USFWS, 2011. Revised Recovery Plan for the Northern Spotted Owl (Strix occidentalis
caurina). U.S. Fish and Wildlife Service, Portland, OR.

10

Forest Ecology and Management 482 (2021) 118868

USFWS, 1990. Endangered and threatened wildlife and plants: determination of
threatened status for the northern spotted owl. Fed. Reg. 55, 26114-26194.

USGS, 2020. Earth Explorer [online spatial data]. Retrieved from: http://earthexplorer.
usgs.gov. Accessed April 2020.

Wan, H.Y., Cushman, S.A., Ganey, J.L., 2019. Recent and projected future wildfire trends
across the ranges of three spotted owl subspecies under climate change. Front. Ecol.
Evol. 7, 37. https://doi.org/10.3389/fevo.2019.00037.

Wan, H.Y., Ganey, J.L., Vojta, C.D., Cushman, S.A., 2018. Managing emerging threats to
spotted owls: emerging threats to spotted owls. J. Wildl. Manag. 82, 682-697.
https://doi.org/10.1002/jwmg.21423.

Ward, M., Tulloch, A.L.T., Radford, J.Q., Williams, B.A., Reside, A.E., Macdonald, S.L.,
Mayfield, H.J., Maron, M., Possingham, H.P., Vine, S.J., O’Connor, J.L.,
Massingham, E.J., Greenville, A.C., Woinarski, J.C.Z., Garnett, S.T., Lintermans, M.,
Scheele, B.C., Carwardine, J., Nimmo, D.G., Lindenmayer, D.B., Kooyman, R.M.,
Simmonds, J.S., Sonter, L.J., Watson, J.E.M., 2020. Impact of 2019-2020 mega-fires
on Australian fauna habitat. Nat. Ecol. Evol. 4, 1321-1326. https://doi.org/
10.1038/541559-020-1251-1.

Washington State Environmental Policy Act, 2006. State Environmental Policy Act
guidelines, Chapter 222-10 WAC. https://www.dnr.wa.gov/publications/fp_rules_
ch222-10wac.pdf?7c5u5.

Wiens, J.D., Anthony, R.G., Forsman, E.D., 2014. Competitive interactions and resource
partitioning between northern spotted owls and barred owls in western Oregon:
Competition Between Spotted and Barred Owls. Wildl. Monogr. 185, 1-50. https://
doi.org/10.1002/wmon.1009.

Wintle, B.A., Legge, S., Woinarski, J.C.Z., 2020. After the megafires: What next for
Australian wildlife? Trends Ecol. Evol. 35, 753-757. https://doi.org/10.1016/j.
tree.2020.06.009.

Zabihi, K., Paige, G.B., Hild, A.L., Miller, S.N., Wuenschel, A., Holloran, M.J., 2017.

A fuzzy logic approach to analyse the suitability of nesting habitat for greater sage-
grouse in western Wyoming. J. Spat. Sci. 62, 215-234. https://doi.org/10.1080/
14498596.2017.1292965.

Zadeh, L.A., 1965. Fuzzy sets. Inf. Control 8, 338-353. https://doi.org/10.1016/S0019-

9958(65)90241-X.


https://doi.org/10.1371/journal.pone.0222051
https://doi.org/10.1016/j.ecoinf.2016.05.001
https://doi.org/10.1016/j.ecoinf.2016.05.001
https://doi.org/10.1002/fee.2101
https://doi.org/10.1002/ece3.5432
https://doi.org/10.1002/ece3.5432
https://doi.org/10.2307/3802839
https://doi.org/10.1111/j.1523-1739.2006.00385.x
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0355
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0355
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0360
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0360
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0360
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0370
http://refhub.elsevier.com/S0378-1127(20)31637-6/h0370
https://doi.org/10.3389/fevo.2019.00037
https://doi.org/10.1002/jwmg.21423
https://doi.org/10.1038/s41559-020-1251-1
https://doi.org/10.1038/s41559-020-1251-1
https://doi.org/10.1002/wmon.1009
https://doi.org/10.1002/wmon.1009
https://doi.org/10.1016/j.tree.2020.06.009
https://doi.org/10.1016/j.tree.2020.06.009
https://doi.org/10.1080/14498596.2017.1292965
https://doi.org/10.1080/14498596.2017.1292965
https://doi.org/10.1016/S0019-9958(65)90241-X
https://doi.org/10.1016/S0019-9958(65)90241-X

	Assessing the quality of fire refugia for wildlife habitat
	1 Introduction
	2 Methods
	2.1 Development of refugia index for wildlife habitat
	2.2 Application of habitat value assessment method
	2.2.1 Focal species
	2.2.2 Study area
	2.2.3 Spatial data used in method application
	2.2.4 Model application


	3 Results
	4 Discussion
	5 Management implications
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


