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A major task for researchers in the twenty-first century is to predict how climate-mediated
stressors such as wildfires may affect biodiversity under climate change. Previous model
predictions typically did not address non-stationarity in climate-fire relationships across
time and space. In this study, we applied spatially-explicit non-stationary area burned
projection models to evaluate recent and future climate-driven trends in area burned
across the ranges of three spotted owl subspecies in the western United States. We
also used high-severity fire probability models to evaluate the risk of high-severity fire in
recent times. Results suggest that the proportion of area burned will increase within the
range of all three subspecies under climate change, but the extent of that increase will
vary both among subspecies and among ecoregions within subspecies. Similarly, the
current risk of high-severity wildfire varies both among subspecies and among regions
within subspecies. The Mexican spotted owl is expected to have a 13-fold increase in
area burned within its range by the 2080s. The combination of increased climate-driven
fire extent and risk of high-severity fire suggests a potential for large-scale future loss
or modification of spotted owl habitat. We recommend conducting further studies to
understand the interaction and synergistic effects of climate change and wildfire on the
spotted owl, especially in regions that are understudied such as Mexico.

Keywords: area burned, biodiversity, California spotted owl, fire severity, fragmentation, habitat loss, Mexican
spotted owl, northern spotted owl

INTRODUCTION

Climate change is one of the most pressing threats to biodiversity in the twenty-first century
(Thomas et al., 2004). Many species, especially those with low tolerance for rising temperature,
directly suffer from global warming trends and are vulnerable to extinction. Climate change also
affects species by altering ecosystem processes such as fire disturbance regimes (Flannigan et al.,
2009). Together, climate change and wildfire can synergize to negatively affect biodiversity. In the
western United States, the overall area burned as well as burn severity are predicted to increase
under projected climate change (McKenzie et al., 2004; Littell et al., 2009, 2018; Westerling et al.,
2011; Dennison et al., 2014; Abatzoglou and Williams, 2016), which may lead to an increasing
rate of habitat loss and fragmentation across broad regions for many species. Understanding
wildfire risks under current and future climate conditions is critical for effective management and
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conservation of species and habitats, especially for those species
and habitats that are most sensitive to environmental changes.

One such species is the spotted owl (Strix occidentalis), which
occurs in the western United States and Mexico (Gutiérrez
et al,, 1995). All three recognized subspecies of spotted owls
(northern spotted owl [S. o. caurina], California spotted owl [S.
0. occidentalis], and Mexican spotted owl [S. o. lucida]; Gutiérrez
et al., 1995) have declined over the last century (Forsman et al.,
1996, 2011; Seamans et al., 1999; Franklin et al., 2004; Anthony
et al., 2006; Blakesley et al., 2010; Conner et al.,, 2013; Dugger
et al, 2016). Conserving and managing the spotted owl is
challenging as they are simultaneously threatened by multiple
environmental stressors, such as climate change, high-severity
wildfire, logging activities, and barred owl invasion (Wan et al,,
2018a). In addition to the independent effect of each stressor,
some stressors can interact to synergistically threaten the spotted
owl. For example, because spotted owls are fairly heat intolerant
(Ganey et al., 1993; Weathers et al., 2001), projected warmer
climate alone can increase energetic requirements, and predicted
warmer and drier climate conditions increased the modeled
extinction rate for the Mexican spotted owl (Peery et al., 2012).
But climate change is also linked with wildfire regimes, and
this link may increase impacts of climate change. The spotted
owl typically nests within mature, late-seral forests (Gutiérrez
et al., 1995). Many of these forests, as well as the matrix of
forests surrounding nesting habitat, have become increasingly
vulnerable to wildfires, partly due to warmer and drier climate
(Westerling et al., 2006; Miller et al., 2009; Westerling, 2016;
Holden et al., 2018). Not all wildfires are detrimental to spotted
owl habitat, but fire severity is also increasing within the range
of the spotted owl (Miller et al., 2009), and high-severity fire may
have negative impact on spotted owl habitat (Jones et al., 2016;
Ganey et al.,, 2017). Therefore, climate change and wildfire can
jointly accelerate the rate of loss and fragmentation of spotted
owl habitat. Furthermore, post-fire salvage logging activities may
occur in spotted owl habitat and can further degrade post-fire
habitat quality (Hanson et al., 2018).

Each spotted owl subspecies has its own unique geographic
range, apart from a small area of overlap between the ranges
of the northern and California spotted owls (Barrowclough
et al, 2011). Because of their geographic separation, each
subspecies faces different combinations of stressors operating
under different ecological conditions. Subsequently, the
degree of influence from each stressor is likely to differ
among subspecies due to regional variation in environmental
conditions and differences in the ecology of the subspecies. In
particular, regional differences in climate and fuel availability
can influence interactions between changing climate and
wildfire, leading to differential wildfire risks and impacts
among spotted owl subspecies. These differences remain largely
understudied (Wan et al., 2018a).

In this paper, we explore the vulnerability of landscapes within
the ranges of the three spotted owl subspecies to interactions
between climate change and wildfire risk, including area burned
and high-severity fire. To accomplish this, we quantitatively
compared fire risk among the ranges of the three subspecies
by applying two sets of recent climate-fire models: (1) non-
stationary area burned projection models (Littell et al., 2018)

and (2) high-severity fire probability models (Parks et al., 2018).
Both models were developed specifically for the western United
States and considered spatially-explicit environmental factors
such as fuel availability and climate. We hypothesized that
habitats within the ranges of three owl subspecies have been
and will be differentially affected by wildfire and climate change.
Specifically, we hypothesized the following: (1) Percent area
burned in recent history is greater within the range of the
northern and the California spotted owls because while the
Mexican spotted owl typically occurs in forested habitats, it also
occurs in rocky canyonlands that have lower fuel loading and
geological constraints on fire spread and in areas with lower
human population density, which is a major ignition source of
large fires. (2) Percent area burned will increase within the ranges
of all three spotted owl subspecies under climate change, but
the California and Mexican spotted owl ranges will experience
greater increase because future conditions in the Southwest will
be more susceptible to wildfires compared with the Northwest.
(3) Risk of high-severity fire is currently higher within the range
of the northern and the California spotted owls than within the
range of the Mexican spotted owl for the same reason in our
first hypothesis.

MATERIALS AND METHODS
Spotted Owl Habitat and Fire Regimes

All three subspecies of spotted owls are most common in
coniferous or conifer-hardwood forest types (Gutiérrez et al.,
1995), but both the California and Mexican subspecies also
occur in oak (Quercus spp.)-dominated forest and woodland
types (Ganey et al, 1992; Gutiérrez et al, 1992) and the
Mexican subspecies occurs in rocky canyonlands (Rinkevich
and Gutiérrez, 1996; Willey and van Riper III, 2007; Bowden
et al,, 2015). Forest types occupied by spotted owls range
from mesic forests which generally experienced high-severity
fire at infrequent intervals to drier forest types that typically
experienced frequent (generally 5-25 years), low-moderate
intensity fires (Agee, 1993; Covington and Moore, 2004). Fire
regimes thus vary widely both within and among subspecies,
and wetter and drier forest types often intermingle in a complex
fashion within areas occupied by owls.

Nesting habitat in most forest types occupied by spotted
owls occurs primarily in older stands featuring large trees
and characterized by moderate to high levels of canopy cover
and uneven-aged multilayered stand structures (Forsman et al.,
1984; Blakesley et al., 1992; Gutiérrez et al., 1992; Seamans
and Gutiérrez, 1995; LaHaye et al., 1997; Hershey et al., 1998;
May et al., 2004; Ganey et al,, 2013). These areas often feature
relatively continuous canopies and high fuel loads, making them
susceptible to high-severity wildfires when climatic conditions
favor such fire (Birch et al., 2015).

Recent and Future Percent Area Burned

Among Subspecies Ranges

Littell et al. (2018) modeled recent and future area burned across
the entire western United States. Their models accounted for
the non-stationarity of climate-fire relationships and attributed
variability in area burned to climatic drivers using Bailey’s
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ecosection (Bailey, 1995) level time series fire and climate data.
We used this model because it considers non-stationary climate-
fire relationships and covers all spotted owl habitats in the
western United States. We used area burned projections from
their models to compare recent and expected future fire risks
across the three spotted owl subspecies ranges. Recent annual
area burned data were estimated based on annual area burned
on federal lands from 1980 to 2006. For future projections,
Littell et al. (2018) included 2 climatological periods, 2030-2059
(2040s) and 2070-2099 (2080s) by 5 different climate forcings
(composite, ECHAM5, MIROC3.2, PCM1, and HadGEMI1)
based on different bracketing of general circulation models
(GCMs) under the SRES Al1B (balanced) emission scenario
(Nakicenovi¢ et al,, 2000). We applied their recent annual
area burned results as well as projections of annual area
burned for both future climatological periods but restricted our
analysis to the composite climate forcing scenario for future
projections. This scenario represented an ensemble of 10 GCMs
(ECHAMS5, BCCR, HadCM, MIROC3.2, HadGEM1, ECHO-G,
PCM1, CNRM-CM3, CSIRO3.5, MIROC3.2.HI; Littell et al.,
2011). Ecosections analyzed varied in size, with larger ecosections
having larger potential burned area than smaller ecosections.
Therefore, in order to compare area burned projections across
all ecosections at a common scale, we calculated the percent area
burned for each ecosection (i.e., the burned area as a proportion
to the total ecosection area). We classified the percent area
burned of each ecosection into seven groups: (1) <0.1%, (2)
0.1-0.5%, (3) 0.5-1%, (4) 1-3%, (5) 3-5%, (6) 5-10%, and (7)
>10%. This classification was performed on the recent scenario
and the 2040s and 2080s future scenarios. Then, we extracted
the ecosection portion that intersected with each subspecies
range using a spotted owl range polygon shapefile obtained from
BirdLife International NatureServe (2015) and summarized the
seven classified groups as percentages of the total area of each
subspecies range. This allowed us to evaluate the fire risks that
each spotted owl subspecies faced recently, and how those risks
change in the future under climate change.

High-Severity Fire Probability Among

Subspecies Ranges

We used predictions from models developed by Parks et al.
(2018) to evaluate high-severity fire risks within each spotted
owl subspecies range. We used this model because it is the
only spatially-explicit model that predicts high-severity fire
probability across a large portion of spotted owl habitats in
western United States. These models predict probability of
high-severity fire across western United States forests as a
function of four categories of environmental factors, including
fuel load, topography, climate, and fire weather. It has a mean
independent cross-validated AUC statistic of 0.72 (ranged
0.66-0.81 among ecoregions). Predictions were modeled for 19
terrestrial ecoregions (Olson and Dinerstein, 2002), including
Okanagan, Columbia Plateau, East Cascades, West Cascades,
Klamath, Sierra Nevada, California North Coast, California
Central Coast, California South Coast, Canadian Rockies,
Northern Great Plains, Middle Rockies, Utah-Wyoming

Rockies, Great Basin, Southern Rockies, Utah High Plateaus,
Colorado Plateau, Arizona-New Mexico Mountains, and Apache
Highlands. The resulting predictions were compiled into high-
resolution (30 x 30m) georeferenced raster layers available
for download at the Fire Research and Management Exchange
System (FRAMES; www.frames.gov/NextGen-FireSeverity).
However, raster layers in ecoregions with model performance of
AUC<0.70 are unavailable for download, including Okanagan,
Columbia Plateau, East Cascades, Klamath, Sierra Nevada, and
Northern Great Plains ecoregions (Figure 1).

To compare risks of high-severity fire among the ranges of the
three spotted owl subspecies, we first downloaded and mosaiced
all available raster layers produced by the high-severity fire
probability model (Parks et al., 2018). This gave us a continuous
surface showing the probability of high-severity fire in western
United States forests across ecoregions described above. Then,
we extracted from this high-severity fire probability surface
the values of all pixels that intersected with each spotted owl
subspecies range using the spotted owl range polygon shapefile
described above. We performed a kernel density estimation
of those extracted values. Pixels without data were excluded
from the analysis. This analysis allowed us to visualize and
quantitatively compare the distribution of high-severity fire
probabilities within the range of each spotted owl subspecies,
with the caveat that spatial inference for this analysis was limited
to areas where models were available (Figure 1).

RESULTS

Percent Area Burned

Overall, annual percent area burned during the recent period
was <0.2% across all three spotted owl subspecies ranges and
was projected to increase in the 2040s and 2080s (Figure 2). The
Mexican spotted owl range was projected to have the greatest
increase in annual percent area burned compared to the other
subspecies ranges, reaching as high as 0.7 and 2.7% in the 2040s
and 2080s, respectively. In the northern spotted owl range, the
annual percent area burned was projected to increase to 0.4 and
2.1% in the 2040s and 2080s, respectively. The California spotted
owl range was projected to have the least increase, having annual
percent area burned of 0.2 and 0.5% in the 2040s and 2080s
respectively (Figure 2).

Spatially, most ecoregions that intersected with the spotted
owl ranges were projected to increase in percent area burned,
with the exception of the Sierra Nevada region, where annual
percent area burned was projected to be between 0.1 and 0.5%
during both recent times and the 2040s, and then decrease to
<0.1% in 2080s (Figure 3). In the 2040s, the annual percent area
burned was projected to be as high as 3-5% within some parts
of the spotted owl range (e.g., southern Utah; Figure 3). By the
2080s, the projected annual percent area burned within spotted
owl range could be >10% in some regions (e.g., eastern Cascades
and southern Utah; Figure 3).

Among the three subspecies, the California spotted owl had
the highest percent area burned during the recent period, with
almost half of its range having 0.1-0.5% area burned annually
(Figures 3, 4). The northern and Mexican spotted owls had a
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FIGURE 1 | Availability of high-severity fire probability models by ecoregions (Parks et al., 2018) and the three spotted owl subspecies ranges (BirdLife International
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FIGURE 2 | Trends in total percent of the range of the spotted owl burned
annually by subspecies and time period. NSO, Northern spotted owl; CSO,
California spotted owl; MSO, Mexican spotted owl.

similar percent area burned within their ranges, with about 25%
of their ranges recording 0.1-0.5% annual area burned. The rest
of the ranges of all three subspecies had <0.1% annual area
burned during the recent period. This trend was projected to
reverse in the 2040s, when the Mexican spotted owl had the

highest percent area burned within its range, and the California
spotted owl had the lowest overall percent area burned within its
range (Figure 2). In the 2040s, about 40% of the Mexican spotted
owl range was projected to have >0.5% area burned, with some
regions having up to 3-5% area burned annually (Figures 3, 4).
Similarly, the northern spotted owl had about 40% of its range
projected to have an annual rate of >0.5% area burned and up to
1-3% area burned within about one quarter of its range during
the 2040s. In the California spotted owl range, the percent area
burned in the 2040s was projected to remain similar to the recent
trend. In the 2080s, the percent area burned was expected to
further increase within most regions within the ranges of the
northern and Mexican spotted owls, with about half of those
regions having 1-3% area burned and some regions having >10%
of their area burned annually (Figure 4). Within the range of
the California spotted owl, some regions were projected to have
a lower percent area burned (e.g., Sierra Nevada) while other
regions would have an increased percent area burned of up to
3-5% annually (Figures 3, 4).

Risk of High-Severity Fire

Probability of high-severity fire varied greatly across the three
subspecies ranges (Figure 5). Within areas where models were
available (Figure 1), the kernel density distribution of the
northern spotted owl range skewed more to the right side of
the plot than distributions for the other subspecies, suggesting
a generally higher likelihood of high-severity fire within the
range of the northern spotted owl (Figure 6). The distribution
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for the California spotted owl range was similar in shape to
the distribution for the northern spotted owl range distribution,
but with lower probability of high-severity fire (Figure6).
The distribution for the Mexican spotted owl range showed
probability of high-severity fire <0.2 within much of the range
and very few areas with a probability >0.4, suggesting lower high-
severity fire risk within the range of the Mexican spotted owl
compared to the other two subspecies ranges (Figure 6).

Within the range of the northern spotted owl range, high-
severity fire risks were highest in the West Cascades (also the
highest risk across all three subspecies ranges) and lower along
the northern California coast (Figure 5). Within the California
spotted owl range, high-severity fire risks ranged from mild
to high along the California south coast, with San Bernardino
National Forest having the highest risk. Unfortunately, there was
no data on risk of high-severity fire for the Klamath and Sierra
Nevada ecoregions, where large populations of northern spotted
owl and California spotted owl occur, respectively. Within the
range of the Mexican spotted owl, probability of high-severity fire
was highest in forests in Colorado and northern New Mexico.
While high-severity fire risk was generally low in Utah and
Arizona, there were pockets of habitats that had high probabilities
of high-severity fire in central and southern Arizona (Figure 5).

DISCUSSION

Increasing Percent Area Burned Within the
Spotted Owl Range

This study used some of the most sophisticated fire and climate-
fire models available to evaluate trends in area burned and
current risk of high-severity fire within the range of the spotted
owl. Results supported some, but not all, of our a priori
hypotheses. Contrary to our first hypothesis, percent area burned
was relatively similar across the ranges of the three spotted owl
subspecies during the recent period, with the California spotted
owl range having the highest and the northern spotted owl
range the lowest percent area burned (Figures 3, 4). The spatial
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patterns in percent area burned among and within the ranges
of the spotted owl may be largely due to regional differences in
historical fire regimes, but may also be related to variation in fire
suppression efforts and human ignitions, as well as the spatial
variance of the distribution and density of human population.
We correctly predicted that percent area burned would increase
within all three subspecies’ ranges over time under climate
change. We also correctly predicted that this increase would be
greatest within the range of the Mexican spotted owl. Percent
area burned was projected to increase dramatically within the
ranges of the Mexican spotted owl and the northern spotted owl,
increasing by 13- and 10-fold, respectively, by 2080s (Figure 2).
Contrary to our prediction, the increase within the California
spotted owl range was the lowest among all, but the overall
projected increase was still substantial and ~3 times larger
than current levels (Figure 2). While it is possible that a 3-fold
increase in area burned may be within the prehistoric (pre-
1800) range of variability for the California spotted owl (Stephens
etal., 2007), the projected 13- and 10-fold increases undoubtedly
raise concerns for the other two spotted owl subspecies. To
our surprise, projected percent area burned in the 2080s only
increased from the 2040s in a small portion of the California
spotted owl range, and either decreased or remained similar
in most other parts of the range (Figures 3, 4). Nonetheless,
the projected increase in the smaller part was so large that
it outweighed the changes among other parts and led to the
overall percent area burned being increased. The contrasting
patterns among ecosections support the idea that wildfire and
climate change effects on species habitats are non-stationary both
spatially and temporally (McKenzie and Littell, 2017).

Historical fire regimes within the range of the spotted owl
are variable and the subject of considerable debate. Most studies
agree that drier forest types within the range of the spotted
owl were historically characterized by a frequent, low-severity
fire regime, with moderate- to high-severity fires common only
at higher elevations and/or in wetter forest types that burned
less frequently (Cooper, 1961; Agee, 1993; Weaver, 2014). Since
European settlement, human activities such as timber harvesting,
livestock grazing, urban development, and fire suppression and
exclusion have altered the distribution and types of vegetation
and fuels on the landscape, leading to substantial changes in
forest structures (Skinner, 1995; Fulé et al., 1997; Hessburg and
Agee, 2003). As aresult, many areas within these drier forest types
are now dominated by dense stands with connected canopies and
understories of small trees, which are prone to stand-replacing
wildfires (Fulé et al.,, 2004; Hessburg et al., 2005). In contrast,
however, some authors argue that high-severity fire historically
was more common than previously thought, and that fire risks
have neither increased nor deviated from historical reference
conditions (Hanson et al., 2009; Williams and Baker, 2012; Odion
etal., 2014).

Regardless of these different viewpoints, fires have impacted
all three spotted owl subspecies in recent years. Within the range
of the northern spotted owl, Davis et al. (2015) estimated that
191,900 ha of nesting and roosting habitat on federal lands were
lost to wildfires between 1994 and 2013. This area represented
four times the amount of habitat considered lost from timber

[] Nso
D CSO -Probablit.y Of
high-severity fire
0.897
0.002

FIGURE 5 | Probability of high-severity fire across the western United States
forests predicted by the Parks et al. (2018) models, which modeled the effects
of fuel, topography, climate, and fire weather on high-severity fire probability.
Ranges of the northern spotted owl (NSO), California spotted owl (CSO), and
Mexican spotted owl (MSO) are indicated by black, red, and blue polygons,
respectively. Area in gray indicates data were unavailable either due to area
being non-forest, low model performance, or no available model

(see Figure 1).

— NSO
—— CSO
— MSO

Density
w
|

I T T I
0.0 0.2 0.4 0.6 0.8 1.0
Probability of high-severity fire
FIGURE 6 | Kernel density estimation of high-severity fire probability

distribution within the ranges of three spotted owl subspecies. NSO, Northern
spotted owl; CSO, California spotted owl; MSO, Mexican spotted owl.

harvest (47,000 ha) and comprised 5.2% of the total habitat
originally protected in 1994 (3,678,500 ha) under the Northwest
Forest Plan (Davis et al., 2015). Ager et al. (2012) simulated
fire behavior in the Deschutes National Forest of Oregon and
predicted that 60 to 71% of burnable area in northern spotted owl
habitats would experience active crown fire activity. Our results
for area burned indicate that fire activity will increase in the
future within the range of this subspecies.
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In the Sierra Nevada, the U.S. Forest Service estimated that
the area burned by wildfires has risen from 17,400 ha per year
during the period from 1910 to 1980 to 25,500 ha per year during
the period from 1995 to 2004 (U.S. Department of Agriculture,
2004). They also predicted that about 485,000 ha or ~10% of the
4.5 million ha of total forest area will be modified by wildfires
over the next 20 years, affecting a large portion of California
spotted owl habitat. Our results also suggest the overall increase
in future area burned within the range of the California spotted
owl (Figure 2), but the increase might eventually slow in the
Sierra Nevada.

Wildfires also have severely impacted Mexican spotted owl
habitat. Since the beginning of this millennium, over 527,000
ha in Arizona and New Mexico were burned by merely three
fires, the 2002 Rodeo-Chediski Fire (189,700 ha), the 2011
Wallow Fire (217,700 ha), and the 2012 Whitewater-Baldy
Complex Fire (120,500 ha). These (and other) fires collectively
burned significant portions of occupied and potential Mexican
spotted owl habitat. Our results suggest that area burned
will increase within the range of this subspecies, driven by
changing climate.

Risk of High-Severity Fire

Across regions where models of high-severity fire risk were
available, our results indicate that such risk is currently
highest within areas where the northern spotted owl occurs,
followed by the California spotted owl, and is lowest within
areas where the Mexican spotted owl occurs (Figures5, 6).
However, the strength of inference here is limited because
model results were not available for several important ecoregions
covering major portions of the range of the spotted owl
(Figure 1). Data on the probability of high-severity fire were
not available for the Sierra Nevada region, but Stephens
et al. (2016) estimated that 85,046 ha of potential spotted
owl nesting habitat in this region was burned between 2000
and 2014 by wildfires that resulted in >50 % basal area
mortality and reduced canopy cover to <25 %. They predicted
(Stephens et al., 2016: Figure5) that the cumulative amount
of potential nesting habitat burned at >50 % tree basal area
mortality would exceed the amount of existing nesting habitat
within 75 years.

At least some areas within the ranges of all three subspecies
showed high probability of high-severity fire. This may be a
function of the types of forests typically used for nesting. All three
subspecies tend to nest in forests with high canopy cover and
fuel loads, and when these types of forests burn, they frequently
burn at high severity (Reilly et al., 2017). The high risk of high-
severity fire in such habitat when it burns, coupled with the
trend toward increasing area burned, suggests that loss of nesting
habitat to high-severity fire is likely to increase in the future.
This is particularly evident in some ecoregions, such as the West
Cascades and California South Coast regions (Figure 5).

In contrast, vulnerability of Mexican spotted owls to habitat
loss due to high-severity wildfire may be mitigated in some
regions by their ability to nest in topographically driven refuges
in rocky canyons, which are less prone to wildfires.

How Can Increasing Fire Risks Affect the
Spotted Owl?

The different fire regimes across the three spotted owl subspecies
ranges may play a role in the adaption and response of each
subspecies to climate-mediated wildfires. Responses of each
subspecies to wildfires are, however, highly nuanced because
the intensity, extent, and spatial pattern of any given burn
greatly influence the subspecies responses. Pre- and post-fire
weather may also play a role in determining how the spotted owl
copes with fire.

Studies that examined the response of spotted owls to fire
showed mixed results. For example, Bond et al. (2002) combined
data from all three spotted owl subspecies and analyzed the short-
term (1-year) post-fire effects on the survival, site fidelity, and
reproductive success of spotted owls within four demography
study areas. Minimum post-fire survival was similar to historic
annual adult survival rates from these study areas, and 16 of
18 (89%) surviving owls remained in the same territory 1 year
after fire, similar to historic site fidelity rates for these study
areas. Reproductive rates were similar to or slightly higher than
historic reproductive rates of owls in these study areas, suggesting
that fire had little immediate or short-term impact on the three
subspecies within these areas. However, the northern spotted owl
data used by Bond et al. (2002) were from the southernmost
end of the subspecies distribution. Further north, in southwest
Oregon, the northern spotted owl responded more negatively to
fire, showing decreased occupancy and survival and increased
extinction probability 3-5 years after fire (Clark et al, 2011,
2013). This implies that the increasing future area burned may
have some negative impacts on the northern spotted owl in at
least some regions.

Some studies suggest that the California spotted owl might
benefit from fires because it evolved in a fire-adapted forest
ecosystem (Bond, 2016; Lee, 2018). For example, Bond et al.
(2010) reported that 3 of 5 studied California spotted owl
individuals used burned forests for roosting; and 29 of 45
(64%) and 13 of 43 (30%) roost sites were enclosed within
burn perimeters during the breeding and non-breeding seasons,
respectively. Bond et al. (2013) estimated the home range size
of radio-marked California spotted owls 4 years after fire and
found it to be similar to the home range size of California
spotted owls in unburned forests in the Sierra Nevada. Bond
et al. (2009) investigated burn severity effects on the California
spotted owl’s nesting, roosting, and foraging. The California
spotted owl selected low-severity burned area for nesting and
roosting and used higher severities and avoided unburned forests
for foraging. In addition, occupancy rates of the California
spotted owl were found to be relatively insensitive to fire or
fire severity in some studies (Roberts et al., 2011; Lee et al,
2012; Lee and Bond, 2015a,b). Roberts et al. (2011) detected
similar occupancy rate and density of the California spotted
owl between recently mixed-severity burned (<15 years) and
unburned forests in Yosemite National Park. Lee et al. (2012)
also found no negative effect of fire or fire severities on the
occupancy rate of the California spotted owl for up to 7
years after fire in the Sierra Nevada. Lee and Bond (2015a)
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studied the occupancy rate of the California spotted owl 1
year after the Rim Fire (104,000 ha), the largest wildfire in the
Sierra Nevada mountain range, and found that site occupancy
remained high even in areas burned by high-severity fires. Fire
size and post-fire salvage logging play an important role in
determining the effects of fire on the California spotted owl.
Lee et al. (2013) and Lee and Bond (2015b) found little to
no difference in the occupancy rate of the California spotted
owl between burned and unburned sites in the San Bernardino
and San Jacinto Mountains of southern California when the
high-severity burned area within an owl territory is small
(<50 ha), but extinction probability increased and colonization
probability decreased as a function of the amount of severely
burned areas when the high-severity burned area within a
territory exceeds the 50 ha threshold, and post-fire salvage
logging increases the extinction probability of the California
spotted owl. In contrast to the above studies, two studies on
the California spotted owl showed negative response to fire.
Gutiérrez and Pritchard (1990) detected no California spotted
owl within a recently burned area but reported a higher density
of California spotted owl in habitats neighboring the burned
area, suggesting that fire might have displaced the California
spotted owl from the burned area into the unburned area.
Jones et al. (2016) also demonstrated that a high-severity
megafire (39,545 ha) increased the annual probability of owl
site extirpation by 7-fold (12% pre-fire vs. 88% post-fire). In
the year following this fire, their study population underwent
the largest decline observed over 23 years of study. Increasing
future area burned likely increases the exposure of the California
spotted owl to megafires, and thus potential negative effects in
some cases.

Relatively few studies have examined the relationship between
the Mexican spotted owl and fire. Jenness et al. (2004) conducted
owl surveys in 31 unburned and 33 burned sites (1-4 years
after fire) within Mexican spotted owl territories in Arizona and
New Mexico. They found no effect of fire or fire severity on
the occupancy and reproduction of the Mexican spotted owl but
noted that they had low power to detect such effects. Ganey
etal. (2014) documented the use of burned areas by the Mexican
spotted owl during winter, and prey abundance and biomass
were higher in those burned wintering areas than in nest core
areas during the same time period. Since food resources are
scarce during winter, Mexican spotted owls might be selectively
foraging in burned areas where prey abundance is greater.
Based on these Mexican spotted owl studies and results from
pooled data with the other two subspecies (Bond et al., 2002),
impacts of fire on the Mexican spotted owl ranged from none to
slightly positive.

Based on the above findings, the California spotted owl and
the Mexican spotted owl appear to be more resilient to the
projected increasing fire activity shown in this study, whereas
the northern spotted owl might be more negatively affected.
However, this should not be deemed conclusive because of the
generally low statistical power due to small sample size in the
above studies, as well as the low number of studies available
for drawing conclusions. These studies all evaluated only short-
term effects, and none evaluated the effects of cumulative habitat

loss due to numerous large wildfires or wildfire trends under
projected climate change (Ganey et al., 2017). Given cumulative
loss of nesting habitat over time and the apparent increasing
trends in area burned and fire severity, The Mexican Spotted Owl
Recovery Plan (U.S. Fish and Wildlife Service, 2012) concluded
that habitat loss to wildfire was the biggest threat facing Mexican
spotted owls. The projected increase in annual area burned
among many ecosections within the range of the Mexican spotted
owl generally supports this conclusion.

There are still many knowledge gaps pertaining to fire
effects on the spotted owl. For example, we have little
information about fire effects on the subspecies in Mexico,
within which a large portion of the subspecies’ range lies.
Further, a recent simulation study suggests that habitat
fragmentation can potentially lead to reduced gene flow and
genetic diversity of the spotted owl (Wan et al, 2018b),
but empirical studies on this topic are lacking. Therefore,
empirical genetic studies are critically needed to ascertain the
effects of forest fragmentation by fire on the genetics of the
spotted owl.

Indirect Effects of Increasing Wildfire
Extent and Climate Change on Spotted

Owls

Wildfires and climate change can also indirectly affect the spotted
owl by affecting its prey. Fires generally have positive effects
on the abundance of prey species that prefer open-canopy,
such as deer mouse (Peromyscus maniculatus) and woodrat
(Neotoma spp.), which are key prey species for the California
spotted owl and the Mexican spotted owl (Converse et al., 2006;
Amacher et al., 2008; Roberts et al., 2015). A warming climate
that opens forests may also create more habitats for these prey
species (Hornsby and Matocq, 2012). Therefore, fires might be
simultaneously reducing nesting habitat quality and creating
higher quality foraging habitats for the spotted owl, especially for
the California and the Mexican spotted owl subspecies.

In contrast, prey species that depend on interior forest,
such as the northern flying squirrel (Glaucomys sabrinus), may
be vulnerable to habitat loss from increasing fire severity and
extent. A warming climate may lead to the reassembly of forest
tree communities and reduce suitable habitats for such prey
species (Weigl, 2007). Because the northern flying squirrel is a
primary prey species for the northern spotted owl and makes
up the majority (45-58.6%) of biomass consumed in many areas
(Forsman et al., 1984, 2001, 2004; Hamer et al., 2001; Wiens et al.,
2014), wildfire and climate change will likely have an impact
on the northern spotted owl’s diet (Meyer et al., 2007; Roberts
et al., 2015). The northern flying squirrel is also part of the
California spotted owl’s diet, but its importance varies greatly,
from only 3 to 39.3% of total biomass consumed depending
on the region (Thrailkill and Bias, 1989; Smith et al.,, 1999).
Therefore, the California spotted owl may also be affected, but
perhaps not as severely as the northern spotted owl. The northern
flying squirrel does not occur within the range of the Mexican
spotted owl. It is also possible that post-fire increases in the
abundance of prey species that prefer open-canopy habitats (e.g.,
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deer mouse and woodrat) may compensate for the reduction in
flying squirrels’ availability, although there is little study on this
topic (but see Roberts et al., 2015). Increases in fire extent will
likely magnify any potential impacts described above, but how
long the effects from fire on small mammal abundance persist
is unknown.

Caveat

Although this study uses some of the most sophisticated
climate-fire models for understanding recent and future wildfire
risks faced by the spotted owl, there are several important
limitations. First, there are large and important regions within
the range of each spotted owl subspecies where model results
were unavailable. In particular, we do not have data for any
of our models in Canada and Mexico. Although the spotted
owl is virtually extinct in Canada, and the abundance of
Mexican spotted owls in Mexico is unknown, much of the
range of this subspecies occurs in Mexico, and trends in
fire extent within that range remain unknown. We also do
not have results from the high-severity fire models for the
East Cascades within the range of the northern spotted owl,
the Sierra Nevada within the range of the California spotted
owl, or Mexico within the range of the Mexican spotted owl.
These regions combined have large populations of spotted owl.
Thus, the spatial inference of our results is restricted to those
regions where data were available, and patterns elsewhere—
including large portions of the range of the spotted owl—
remain uncertain.

Second, the projected future climate-fire relationships in this
study were based on fire regimes under recent climate and
human influence. In the future, humans will probably play
a bigger role in influencing the spatial variability of wildfire
severity and extent as human populations continue to increase
in many rural parts of the western United States. Specifically, fire
ignitions by humans will likely increase with increasing human
populations. There is uncertainty as to how fire suppression and
fuel reduction treatment efforts may change in the future, and
how effective these efforts may be in controlling wildfire severity
and extent in the face of climate change. Land use change will
also contribute to fire behavior changes. Projections in this study
do not reflect these potential changes in human influences on
wildfire patterns.

Third, because Littell et al. (2018) used a fire-rotation
constraint to minimize overprojection of area burned due
to static vegetation assumptions, their models represent
conservative projections of future area burned. High-severity
stand replacing fire is already decreasing forested area in the
western United States. With warmer and drier conditions, this
trend is expected to continue and will increase fire severity and
the likelihood of replacement of forest with open vegetation.
Therefore, the expected increase in area burned will likely be
realized sooner than projected by the models. To more accurately
predict fire response to climate change will require simulation
of future vegetation trajectories, which was beyond the scope of
this study.

Finally, the high-severity fire probability model developed
by Parks et al. (2018) has a fair amount of model uncertainty

in a few ecoregions where AUC scores were ~0.70, including
California North Coast (AUC = 0.70), California South
Coast (AUC = 0.72), West Cascades (AUC = 0.71), and
Southern Rockies (AUC = 0.72), warranting further study to
ascertain the trend and effects of high-severity fire among
these regions.

CONCLUSIONS

A major task for researchers in the twenty-first century is to
predict how climate-mediated stressors such as wildfires may
affect biodiversity under climate change. Many model predictions
on this topic were based on historical references, but a major
weakness of this approach is that climate-fire relationships are
unlikely to remain stationary (McKenzie and Littell, 2017; Turco
et al., 2018). Our study assessed not only the recent history of
wildfires within the range of the spotted owl, but also future
trends in wildfire extent using models that considered non-
stationarity in climate-fire relationships (Littell et al., 2018).
Based on our findings, the proportion of area burned can be
expected to increase within the range of all three subspecies,
and previous work suggests that fire severity also may increase
(Miller et al., 2009). Thus, fire impacts will continue to increase
for all three spotted owl subspecies in the future, but such
impacts will not remain stationary and the extent of the increase
may vary both among subspecies and among regions within
subspecies. We recommend more studies to be conducted to
understand climate change and wildfire effects on the spotted
owl across its range, especially in regions that are understudied.
Particularly, most spotted owl studies have been conducted in
the United States, and there is little information about the
spotted owl and its relationship with climate change and fire in
Mexico (Wan et al., 2018a).

Wildfire is a complex phenomenon, with the intensity,
extent, and spatial pattern of any given fire interacting to
create diverse post-fire landscapes. Landscape structure and
composition, which differs widely among post-fire landscapes,
influences how resident species respond to post-fire landscapes.
Consequently, understanding how wildfire affects ecological
relationships of species inhabiting these post-fire landscapes
is difficult. The spotted owl is no exception here. Effects
of wildfires on spotted owls are currently poorly understood
and based primarily on short-term studies (Bond et al., 2002,
2009; Irwin et al., 2015; Lee and Bond, 2015a,b; Jones et al.,
2016) that yielded conflicting results (Ganey et al., 2017).
Long-term studies will be needed to understand the impact
of predicted increasing fire activity on the spotted owl and
its habitat. This range-wide study provides a synopsis of the
variation in wildfires among ecoregions, but variation also
exists within each ecoregion. Therefore, we recommend future
studies to use a finer scale approach to ascertain fire and owl
relationships, particularly across habitat types. Finally, because
environmental stressors such as wildfires, climate change, and
barred owl invasion can affect each other, future studies should
focus on the interactive effects of these stressors on each
subspecies (Wan et al., 2018a).
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