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ABSTRACT—The California spotted owl (Strix occidentalis occidentalis), an older forest species of conservation
concern, has declined in many historically occupied forests due to habitat loss from severe wildfire and other
environmental changes. Although population trends have been well documented in the Sierra Nevada mountain
range in the western United States, less is known about population status at the range boundary in Southern
California, a region experiencing rapid environmental change. Therefore, we conducted extensive spotted owl
nighttime surveys during the 2022 breeding season in the San Gabriel Mountains of the San Bernardino and
Angeles national forests, the Sierra Pelona Mountains of the Angeles National Forest, and the Los Padres National
Forest. These surveys included historically occupied territories; spatially extensive, low-intensity surveys outside of
these historical territories; and surveys in regions with potentially high-quality owl habitats. We compared remotely
sensed data of vegetation conditions and disturbance between currently occupied and currently vacant territories,
and at currently vacant territories during the period of historical occupancy and after the loss of territorial owls,
to assess potential causes of population change. We made 1,913 visits to call points, surveying an area of
1,100 km2, yet we located only eight currently occupied territories. Out of 13 historically occupied territories,
only 3 (23%) remained occupied. Currently, spotted owls were more likely to occupy territories with a greater basal
area of deciduous trees. Furthermore, currently vacant territories had greater levels of drought-related tree mortality
after the period of detection of the last owls. Our findings suggest that habitat scarcity, exacerbated by drought-
induced tree mortality, declines in oaks, and possibly warming temperatures, may be contributing to spotted owl
population declines in Southern California, although the small number of occupied territories in the region limited
inferences. Our results align with other recent work indicating this species’ rarity and decline in Southern California,
with functional but declining populations in the San Bernardino Mountains.

RESUMEN—El búho moteado de California (Strix occidentalis occidentalis) – una especie forestal antigua de
interés para la conservaci�on – ha disminuido en muchos bosques ocupados hist�oricamente debido a la pérdida
de h�abitat por los graves incendios forestales y otros agentes de cambio que han afectado a la vegetaci�on. A pesar
de que las tendencias poblacionales de los búhos y los factores responsables por esas tendencias han sido bien
estudiados en la cordillera de Sierra Nevada en el oeste de Estados Unidos, se sabe menos sobre el estado de la
poblaci�on en el l�ımite del �area de distribuci�on en el sur de California, una regi�on que est�a experimentando
un r�apido cambio medioambiental. Por lo tanto, realizamos estudios nocturnos extensos del búho moteado
durante la temporada de reproducci�on del 2022 en las Montañas de San Gabriel de los Bosques Nacionales
de San Bernardino y Angeles, las Montañas de Sierra Pelona del Bosque Nacional de Angeles, y dentro el
Bosque Nacional de Los Padres. Estos estudios incluyeron estudios enfocados en los territorios que han sido
hist�oricamente ocupados por búhos moteados; estudios espacialmente extensos y de baja intensidad fuera de los
territorios que han sido hist�oricamente ocupados; y estudios en �areas espec�ıficamente escogidas por su habitat de
potencialmente alta calidad para los búhos moteados. Como an�alisis exploratorio, usamos datos de teledetecci�on
para comparar las perturbaciones y las condiciones de la vegetacion entre los territorios que est�an actualmente ocu-
pados y los que est�an actualmente desocupados. Para comprender las causas del cambio poblacional, también com-
paramos datos obtenidos mediante detecci�on remota sobre las condiciones de la vegetaci�on y las perturbaciones
entre territorios actualmente ocupados y actualmente vacantes, y en territorios actualmente vacantes durante el
per�ıodo de ocupaci�on hist�orica y después de la pérdida de los búhos territoriales. Realizamos 1,913 visitas a los
puntos de llamada, inspeccionando un �area de aproximadamente 1,100 km2, aunque s�olo localizamos ocho ter-
ritorios actualmente ocupados. De los 13 territorios que fueron hist�oricamente ocupados, s�olo 3 (23%) perma-
nec�ıan ocupados. En la actualidad, es m�as probable que los búhos moteados ocupen territorios con mayor �area
basal de �arboles caducifolios. Adem�as, los territorios que est�an actualmente desocupados presentaban mayores
niveles de mortalidad arb�orea relacionada con la sequ�ıa después del periodo de detecci�on de los últimos búhos.
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As�ı pues, adem�as de la escasez de h�abitat adecuado, la rareza y posible pérdida de territorios que observamos en
esta regi�on puede estar relacionada con el declive de los robles y la mortalidad de los �arboles porla sequ�ıa,
potencialmente en conjunto con el calentamiento de las temperaturas, aunque el pequeño número de terri-
torios ocupados en la regi�on limit�o nuestras inferencias. Nuestros resultados son consistentes con otros estudios
recientes que indican que los búhos moteados parecen ser raros o estar en declive en muchas partes del sur de
California, con poblaciones funcionales pero en declive en las montañas de San Bernardino.

The spotted owl (Strix occidentalis) is an older forest species
native to western North America. There have been declines
in spotted owl populations in many forests throughout their
range because of extensive severe wildfires (Jones et al.,
2021), loss of large trees (Jones et al., 2018), fire suppression
(Collins et al., 2017; Hobart et al., 2019; Kramer et al., 2021),
and competition with invasive barred owls (Strix varia; Diller
et al., 2016; Wiens et al., 2021). The combination of
ever-evolving factors threatening spotted owl populations
has had significant implications for the conservation of this
species, and subsequently the management of many forests
in western North America, for nearly 4 decades (Verner
et al., 1992).

The northern spotted owl (Strix occidentalis caurina) and
the Mexican spotted owl (Strix occidentalis lucida) subspecies
are currently on the list as “threatened” under the Endan-
gered Species Act (United States Fish and Wildlife Service,
1990, 1993). By contrast, the California spotted owl (Strix
occidentalis occidentalis) subspecies, distributed in the Sierra
Nevada mountain range in the western United States,
southern Coast Range, and interior mountains of Southern
California, is not currently on the list under the Endangered
Species Act. However, following multiple petition attempts,
the United States Fish and Wildlife Service (2023) proposed
listing the Coastal Southern California distinct populations
as endangered and listing the Sierra Nevada populations as
threatened (88 FR 11600). There is increasing concern over
the status of California spotted owls in recent years because
of declining populations in the Sierra Nevada (Conner et al.,
2013, 2016; Tempel et al., 2014a), the core of the subspecies
range. Although study of the trends and factors respon-
sible for changes in California spotted owl populations
is comprehensive in the Sierra Nevada, less is known about
their population status in the southern interior regions of
Southern California.

The California spotted owl occurs primarily in four
national forests in Southern California (Gutiérrez et al.,
2017; Fig. 1), where in general there is isolation of popula-
tions across forests because the distance between mountain
ranges often exceeds dispersal distance (Lahaye et al., 1994,
2001). The San Bernardino Mountains in the San Bernardino
National Forest harbor the largest owl populations in
Southern California (LaHaye et al., 1992; Gutiérrez et al.,
2017). Franklin et al. (2004) did not detect population
declines in the San Bernardino Mountains from 1992 to
1998 by using mark–recapture methods, but LaHaye et al.
(2004) found a 9% annual decline from 1987 to 1998 by
using a matrix modeling approach. More recently, Tempel
et al. (2022) showed a decline in the mean occupancy rate

of spotted owl territories in the San Bernardino and San
Jacinto mountains, also in the San Bernardino National
Forest, from 0.82 in 1991 to 0.39 in 2019. In the Palomar
Mountains of the Cleveland National Forest, spotted owls
once occurred at high densities, particularly in isolated,
forested canyons (Gutiérrez and Pritchard, 1990). Since
then, there has been a decline in naı̈ve occupancy rate in
the Cleveland National Forest from 0.52 in 1991 to 0.11 in
2020 (Tempel et al., 2022). However, in the Los Padres and
Angeles national forests, little is known about the current
population status of California spotted owls because of lack
of systematic widescale survey efforts for nearly 2 decades.

The goals of our study were to 1) better understand the
status of California spotted owl territory occupancy in areas
of Southern California with less extensive surveys and 2)
explore potential environmental factors (i.e., vegetation
conditions and disturbance history) responsible for potential
changes in spotted owl populations in these areas. To do so,
we conducted three types of spotted owl surveys from March
to August 2022 in the San Gabriel Mountains of the San
Bernardino and Angeles national forests, the Sierra Pelona
Mountains of the Angeles National Forest, and throughout
the Los Padres National Forest: 1) surveys focused within
historically occupied territories; 2) spatially extensive, low-
intensity surveys outside of historically occupied territories;
and 3) targeted surveys in areas consisting of potentially
high-quality owl habitat (i.e., big trees and large amounts
of canopy cover). We designed our surveys to determine
naı̈ve occupancy status at historical territories and to locate
owls across a broad gradient of ecological conditions known
to constitute suitable owl nesting and roosting habitat
in the area, before the implementation of fuel reduction
programs, and to inform the current Endangered Species
Act listing decision.

MATERIALS AND METHODS—Study Area—Our study area encom-
passed ~1,100 km2 of public land in the Los Padres, Angeles,
and San Bernardino national forests, California, during the 2022
summer breeding season (Fig. 1). The area included topographically
complex mountain ranges that vary in elevation, vegetation type,
and climatic conditions. The climate was Mediterranean, and
most precipitation occurred from December to February (winter)
as rain or snow. Elevations ranged from ~500 to 3,100 m. At lower
elevations, shrubland and chaparral was the common ground
cover, interspersed with deciduous forest. Common deciduous
species included white alder (Alnus rhombifolia), black cottonwood
(Populus trichocarpa), Fremont cottonwood (Populus fremontii), western
sycamore (Platanus racemosa), California black oak (Quercus kelloggii),
and canyon live oak (Quercus chrysolepis), with California black oak
exhibiting relatively high fire resilience (i.e., steams typically resprout
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immediately following wildfire; Cocking et al., 2012). Conifer forests
occurred at higher elevations on north-facing slopes and in canyon
bottoms, with common species including Jeffrey pine (Pinus jeffreyi),
ponderosa pine (Pinus ponderosa), sugar pine (Pinus lambertiana),
Coulter pine (Pinus coulteri), white fir (Abies concolor), and big-cone
Douglas fir (Pseudotsuga macrocarpa). Great horned owls (Bubo
virginianus), northern goshawks (Accipiter gentilis), and red-tailed
hawks (Buteo jamaicensis) were the main predators of spotted owls
(Gutiérrez et al., 1995). The dusky-footed woodrat (Neotoma fuscipes)
and Botta’s pocket gopher (Thomomys bottae) were the primary prey
species (Smith et al., 1999). Spotted owls in Southern California are
found in high-elevation forests above the less suitable shrub and
semiarid vegetation zones at lower elevations and in canyon bottoms
at lower elevations with deciduous and coniferous trees. As such,
suitable owl habitat is typically discontinuous and appears to result
in isolated owl populations without known dispersal between moun-
tain ranges (Noon and McKelvey, 1992; Lahaye et al., 2001; LaHaye
and Gutiérrez, 2005).
Spotted Owl Surveys—We conducted spotted owl surveys from

mid-March to mid-August 2022. The time frame of our study corre-
sponded with the breeding season of spotted owls and therefore
increased the likelihood of finding offspring and nesting sites.
As part of our first survey method, we surveyed 13 historically
occupied territories during the period 1990–2011 in the Los
Padres (n 5 1), Angeles (n 5 5), and San Bernardino (n 5 7)
national forests (Fig. 1). We used this time frame because these
were the only territories with historical data on daytime roosting

and nesting sites, with limited surveys in the Angeles and Los
Padres national forests during the 21st century. All the territories
surveyed in the San Bernardino National Forest were in the San
Gabriel Mountains near the border of the Angeles National For-
est (Fig. 1). We did not survey three historical territories for safety
concerns. We surveyed historically occupied territories by visiting
eight call points at and around the center of the historical territory
(i.e., historical daytime roost or nest location), representing the
number of call points that a team of two technicians could complete
in one night. We spaced call points by 200–400 m in topographically
advantageous locations to maximize broadcast coverage. If two
historical territories were within 400 m of each other, we surveyed
them as a group (i.e., eight total call points around both territo-
ries). We surveyed individual call points for 10 min in the twilight
and nighttime hours. We visited call points twice, with the first and
second visits separated by 1 mo unless owls were found as part of
the first visit. During our surveys, we had a person mimic the terri-
torial four-note calls of spotted owls and record any responses
from the owls as we surveyed at designated call points and while
traveling between them (Forsman, 1983). If we did not visually
detect an owl after two visits, we classified the territory as vacant.
In cases where we visually or audibly detected a spotted owl at
night, we conducted dawn, diurnal, and twilight walk-in surveys on
the following day. We did so because spotted owls are known to
roost within their resident nest-roost during diurnal hours, indicat-
ing territory occupancy (Berigan et al., 2019). If we detected an
owl audibly, but not visually, we considered the site occupied but

FIG. 1—Study area in the Los Padres, Angeles, and San Bernardino national forests in California, USA, with the locations of occupied
spotted owl territories identified during our 2022 field surveys (orange and brown dots), as well as currently vacant territories (black dots)
ranging from 1990 to 2011 since the detection of the last spotted owl in these areas.
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excluded it from our statistical analyses. If we visually detected an
owl roosting or nesting, we classified the territory as occupied.

As part of our second survey method, we surveyed areas outside
of historically occupied territories and conducted spatially extensive,
low-intensity surveys to find owl territories across a broad ecological
gradient known to constitute suitable owl habitats. We used two
sources of information to create call point locations. First, we
compiled a list of historical spotted owl detections from 1986 to
2021 by using the California Natural Diversity Database, an inventory
of the status and locations of rare plants and animals in California.
Historical spotted owl detections in the California Natural Diversity
Database primarily consisted of nighttime observations by United
States Forest Service personnel or biologists. We prioritized call point
locations in areas with no or few historical survey efforts (less than or
equal to two visits at a call point in an area) and excluded areas with
a historical nest or roost site, which we included as part of our
first survey method. On a few occasions, surveys overlapped with
a historical roost or nest site because of limited amounts of suit-
able owl habitat. We separated potential call points by 1,000 m to
cover a spatially expansive survey area and placed call points on
national forest roads and trails and in acoustically advantageous
areas, such as ridge tops. Second, we overlayed 2017 Gradient
Nearest Neighbor (GNN; LEMMA Lab, Oregon State University,
Corvallis, Oregon, USA) maps of forest structure on top of our
potential call point locations. GNN interpolates information from
forest inventory plots by using Landsat satellite imagery (30-m
resolution). GNN maps were available each year from 1986 to
2017. We calculated mean vegetation conditions—including
basal area of live coniferous and deciduous trees ($2.5-cm diameter
at breast height) and percent canopy cover—in a 1,000-m radius
buffer at each call point by using 2017 GNN forest structure maps.

Next, we grouped call points spatially close to one another into
survey polygons for logistical purposes. We then designated poly-
gons as high (n 5 6) or low (n 5 4) priority based on the mean
vegetation conditions inside each polygon (Fig. S1). Low-priority
polygons had similar vegetation conditions and relatively low habitat
quality (i.e., more shrubland and open areas with low tree densi-
ties). High-priority polygons had a wide range of habitat conditions
suitable for owls and higher habitat quality (i.e., more forested habi-
tat with medium-to-large trees) than low-priority polygons. The aver-
age number of call points at a high-priority polygon was 194, and
the average spatial coverage of a high-priority polygon was 235 km2.
We then divided polygons into survey groups that had ~30 call
points, representing the number of call points that a team of two
technicians could complete in a survey visit in 48 h. We surveyed 58
survey groups twice during the field season (Fig. S2), with visits sepa-
rated by an average of 40 days (5th quantile, 6 days; 95th quantile,
82 days). We surveyed 9 of the 58 survey groups twice in a relatively
short period (i.e., ,3 wk between visits), which reflected a small
number of territories that were accessible during the springtime
because of snow and windstorms at medium-to-high elevations. We
prioritized surveys in high-priority areas and conducted surveys in
low-priority areas after completion of surveys in high-priority areas.
Similar to our first survey methods, we surveyed individual call
points twice for 10 min, with the first and second visits separated by
1 mo unless owls were found as part of the first visit. We chose a
two-visit protocol instead of the traditional six-visit approach used in
demographic studies to maximize our spatial coverage and poten-
tially locate owls in different areas across the national forests. If we
visually detected an owl, we classified the roosting-nesting location
as the center of the currently occupied territory. In cases where we

visually or audibly detected a spotted owl at night, we conducted
dawn, diurnal, and twilight walk-in surveys on the following day.

For our third survey method, we conducted nighttime spot-
ted owl surveys in areas considered to have high-quality habitat
or potential spotted owl habitat within or immediately adjacent
to proposed fuel reduction programs across the Los Padres and
Angeles national forests. Similar to our other survey methods,
we conducted these surveys in the Los Padres and Angeles national
forests during the spotted owl breeding season. We visited call points
three times for~10 min on each visit, with visits separated by~1 mo.
We included data from all three survey methods in our analyses.

Testing for Change in Vegetation Conditions at Owl Territories—
Two important goals of our study included identifying reasons
for historically occupied territories potentially becoming vacant at
any point between the period of last known historical occupancy
and the 2022 surveys and comparing environmental conditions
between occupied and vacant territories. In alignment with these
goals, we conducted two primary analyses: 1) examining differences
in the present vegetation conditions between currently occupied
and vacant territories; and 2) for currently vacant territories with his-
torical occupation, assessing differences in the vegetation conditions
during the period of historical occupancy and after the presumed
loss of territorial owls, as determined by the 2022 surveys.

We created a circular buffer with a 3,000-m radius centered at
the roost-nest location of a territory, representing an area where
multiple individual spotted owls could occur (Zimmerman et al.,
2001). We chose this scale based on Tempel et al. (2022), who
found this scale to be significant for predicting spotted owl
occupancy rates in Southern California and because owls can
travel relatively far distances. Next, we overlayed each buffer
with present and historical GNN forest structure maps of basal
area of coniferous and deciduous trees to calculate average
vegetation estimates within those boundaries. Because the most
recent GNN forest structure maps represented conditions in 2017,
we tested for differences in two major causes of forest disturbance
from 2018 to 2021 (see Statistical Analyses section). To determine
the historical vegetation conditions of currently vacant territories,
we used GNN forest structure maps from the initial year of terri-
tory occupancy and overlaid the territory buffer onto it and then
we compared these historical conditions with the current vegetation
conditions by overlaying 2017 forest structure maps in the same
buffer. Finally, we compared the conditions of currently occupied
territories with currently vacant territories by overlaying 2017 forest
structure maps in their respective buffers.

Testing for Differences inWildfire Disturbance at Owl Territories—
We tested for differences in the cumulative amount of high-severity
wildfire at occupied and vacant territories, and at vacant territories
during the period of historical occupancy and after the loss
of territorial owls, to understand potential causes of changes
in occupancy due to forest disturbance. To do so, we gathered
wildfire severity maps from the Monitoring Trends in Burn Severity
database (i.e., 30 3 30 m; http://www.mtbs.gov/). Monitoring
Trends in Burn Severity assesses burn area and severity from
pre- and postdisturbance satellite imagery (Eidenshink et al., 2007)
for large (.400-ha) wildfires. Monitoring Trends in Burn Severity
calculates the differenced normalized burn ratio between imagery
before the fire with imagery from up to a year later. For vacant terri-
tories, we created a static wildfire map by calculating the cumulative
proportion of buffer area burned by high-severity wildfire starting
from 2021 and going backward to the initial year of occupancy, as
determined by previous surveys. This period represents the “present
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conditions” at currently vacant territories. To understand the “his-
torical conditions” at these territories, we created a static map of
the cumulative proportion of buffer area burned by high-severity
wildfire for the same duration before the first year of known
occupancy. On average, a territory remained vacant for 18 yr.
Therefore, to represent present conditions at currently occupied
territories, we calculated the high-severity wildfire over the past
20 yr (2001–2021), which is approximately the mean time a territory
remained vacant.
Testing for Differences in Drought-Related Tree Mortality at Owl

Territories—We also tested for differences in drought-related tree
mortality at occupied territories and vacant territories, and at
vacant territories during the period of historical occupancy and
after the loss of territorial owls, to understand potential causes of
change in occupancy. We obtained annual tree mortality maps at
30-m resolution from the Ecosystem Disturbance and Recovery
Tracker, an image analysis system that processes historical Landsat
imagery at a temporal accuracy of 8–16 days to detect ecosystem
disturbances (Koltunov et al., 2020). The Ecosystem Disturbance
and Recovery Tracker data provided temporal coverage spanning
from 1998 to 2021. Disturbance events could be the result of a
wide range of disturbance types and agents (Koltunov et al., 2020),
including canopy removal or damage by human intervention (e.g.,
harvesting, mastication, thinning, selective logging, and prescribed
burns), natural causes (e.g., blowdown, landslide, flood, wildfire),
and rapid tree mortality (i.e., replacement of live leaves-trees with
dead leaves-trees, irrespective of phenology), likely a result of
drought- or insect-induced tree mortality. We excluded territories
with wildfire during the year that these tree mortality disturbances
occurred. We also used the Hazardous Fuel Treatment dataset of
the United States Forest Service to overlay potential fuel treatments
that had occurred within the territory boundaries. We limited fuel
treatments to a few occupied territories, with these treatments
mostly occurring within the 2020 Lake Fire perimeter following the
fire. We used the Ecosystem Disturbance and Recovery Tracker
data to create Mortality Magnitude Index maps for all years dating
back to 1998, which included annual estimates of live canopy cover
loss (percentage) at the pixel level (900-m2 area). We then overlayed
thesemaps with our vacant and occupied territory buffers to calculate
average estimates of canopy cover loss within those boundaries. We
quantified drought-related tree mortality in territory buffers for each
year by summing the spatial area of all pixels identified as experienc-
ing any (i.e., .0%) canopy cover loss. Consequently, our estimate of
drought-related treemortality represented the spatial area, or propor-
tional area, of territory buffers with drought-related tree mortality.

To determine the potential impact of drought-related tree
mortality on occupancy, we compared the levels of such mortal-
ity between currently vacant territories and occupied territories.
To do so, we overlayed annual Mortality Magnitude Index maps
corresponding to each year with our vacant territory buffers from
the period of historical occupancy to the presumed loss of territorial
owls to 2021. Next, we calculated a mean annual tree mortality rate,
represented by the average annual proportional area of territory
buffer with any amount of canopy cover loss, for each vacant terri-
tory. We used this mean annual tree mortality rate, rather than
the individual annual rates, in our final analysis. For comparison,
we used the same approach to estimate drought-related tree mortal-
ity at occupied territories over 20 yr (2001–2021). Next, to assess the
possible impact of drought-related tree mortality on territory vacancy,
we investigated whether there were differences in such mortality
at vacant territories during the period of historical occupancy

compared with after the presumed loss of territorial owls up to 2021
(see Statistical Analyses section). To do so, we calculated a mean
annual tree mortality rate at vacant territories for the same length
of time before and after the initial year of historical occupancy.

Statistical Analyses—To assess potential differences in wild-
fire disturbance at vacant and occupied territories following the
most up-to-date GNN forest structure maps of 2017, we compared
the cumulative amount of high-severity wildfire activity from 2018
to 2021 by using an unpaired t test. In addition, we used the same
statistical test to contrast the average annual tree mortality rates at
vacant and occupied territories during the same period, aiming
to identify potential disparities in recent drought-induced distur-
bances. Our findings indicated no significant differences in high-
severity wildfire or drought disturbance between the two types of
territories (Table S1), affirming the suitability of the 2017 vegetation
metrics as representative of the conditions observed at territories
during our 2022 surveys.

We used two sets of logistic regression models (Table 1) to
investigate how vegetation structure and forest disturbance may
have influenced territory occupancy. The first set compared pre-
sent conditions at currently occupied (n 5 8) and currently
vacant (n 5 10) territories, whereas the second set compared
present (n 5 10) and historical (n 5 10) conditions at cur-
rently vacant territories. Because we conducted only two sur-
veys per site and the number of occupied territories in the
region was small, we did not use site occupancy models that
account for imperfect detection and require estimating addi-
tional parameters. We recognize that detection probability can
vary due to several factors, such as owl breeding status, but con-
ducting more surveys per site was not feasible given the large area
that we surveyed and the logistical constraints. Furthermore, esti-
mates of survey-specific detection probabilities for California spot-
ted owls in the central Sierra Nevadas are 0.50 for nonbreeding
owls and 0.83 for breeding owls (Tempel et al., 2014b). These
probabilities increase to 0.75 and 0.97 with two surveys per season
and 0.87 and 0.99 with three surveys, respectively. Thus, we likely
had a reasonable probability of detecting occupied territories.

We considered high-severity wildfire, basal area of deciduous
trees, basal area of coniferous trees, percent canopy cover, and
drought-related tree mortality as predictors in both sets of logistic
regression models. To test for and remove collinearity among pre-
dictors, we calculated Pearson’s correlation coefficient; this calcu-
lation led to the removal of percent canopy cover as a vegetation
predictor due to its strong collinearity (r 5 0.47–0.82) with other
predictors. We z-standardized all of the predictors to ensure that
they were on the same scale and to facilitate comparison of their
effect sizes during the logistic regression analysis. To identify the
most significant predictors, we initially evaluated each predictor
individually by building separate models for each predictor and
then calculating the corrected Akaike’s Information Criterion
(AICc) and AIC weight to assess their relative importance. Once
we determined the top predictor by these metrics, we integrated it
with the remaining covariates in the first set of logistic regression
models. This method enabled us to identify potentially important
predictors individually while considering the influence of other
pertinent variables. Owing to challenges in parameter estimation
and model convergence when incorporating multiple predictors
in our second series of logistic regression models, we restricted
each model to include only one predictor. We included a null
model with no predictors in both sets of logistic regression models.
To assess the relative support for different models, we used several
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metrics, including change in AICc (DAICc), AIC weight, and
McFadden’s pseudo-R2. Specifically, we selected models that had a
DAICc of,2 units compared with the top-ranked model (Burnham
and Anderson, 2002). To evaluate the magnitude and certainty
of the b coefficient estimates, we assessed whether their 85% confi-
dence intervals overlapped with zero (Arnold, 2010).

RESULTS—We made 1,913 visits to 923 call points (Fig. 1):
64 visits as part of our survey efforts within historical territories
(survey method 1); 1,561 visits as part of our spatially extensive
survey design (survey method 2); and 288 visits as part of our
targeted surveys in high-quality owl habitat (survey method 3).
We visually located eight occupied territories, five by pairs and
three by single owls. Of the eight occupied territories, four
had roosting juveniles present and one had a confirmed
nest tree. We observed owls roosting at territories during
the diurnal and twilight hours, except at one territory,
where we visually detected a family of owls (i.e., an adult
pair with three juveniles) at night, but did not detect them
on follow-up surveys. Of the 13 historical territories we
surveyed, only 3 (23%) remained occupied. Out of the
eight occupied territories, our third survey method detected
four, our second survey method detected three, and our
first survey method detected one.

In our initial set of logistic regression models comparing
present conditions at currently occupied and vacant territo-
ries, the top-ranked model incorporated the basal area of
deciduous trees as the sole predictor (Table 1). All other
models surpassing the null model contained uninformative
parameters; specifically, the other single-predictor models
performed worse than the null model, had 85% confidence
intervals overlapping with zero, and were .2 DAICc from
the top model. Spotted owls were currently more likely to
occupy territories with a greater basal area of deciduous trees
(b 5 2.83; 85% confidence interval, 1.30–5.28; Fig. 2).
In our second set of logistic regression models comparing

historical and present conditions at currently unoccupied
territories, the highest ranked model included drought-
related tree mortality (Table 1). No other predictors in the
remaining set came within 2 AICc units of the highest
ranked model, and none had an AIC weight exceeding
0.01. Based on this model, currently vacant territories had
greater levels of drought-related tree mortality after the period
of detection of the last owls (b 5 �3.70; 85% confidence
interval, �7.00 to �1.68; Fig. 3).

DISCUSSION—Our study suggests that California spotted
owl–occupied territories are rare across Southern California’s
Los Padres and Angeles national forests. Older forests that
constitute spotted owl nesting habitat are naturally sparse in

TABLE 1—Model comparison and model fit for all logistic models used to compare environmental conditions and disturbance at
occupied and vacant spotted owl territories in Southern California, USA. We ranked models based on corrected Akaike’s Information
Criterion (DAICc), with w 5 AICc weight, K 5 number of parameters, logℒ 5 log likelihood, and McFadden’s pseudo-R2 included.

Test Model covariate(s) AICc DAICc w K �2logℒ
McFadden’s
pseudo-R2

Occupied vs. vacant Deciduous trees 18.17 0.00 0.58 2 �6.68 0.46
(current conditions) Deciduous þ coniferous trees 21.04 2.88 0.14 3 �6.67 0.46

Deciduous treesþ high-severity fire 21.07 2.90 0.14 3 �6.68 0.46
Deciduous trees þ drought 21.08 2.91 0.13 3 �6.68 0.46
Null 26.98 8.81 0.01 1 �12.37 NAa

Coniferous trees 28.41 10.24 ,0.01 2 �11.80 0.05
High-severity fire 29.23 11.06 ,0.01 2 �12.21 0.01
Drought 29.51 11.34 ,0.01 2 �12.36 ,0.01

Within-vacant Drought 14.64 0.00 0.99 2 �4.89 0.58
(current vs. historical conditions) High-severity fire 27.11 12.46 ,0.01 2 �11.20 0.19

Null 29.95 15.31 ,0.01 1 �13.86 NA
Deciduous trees 31.29 16.64 ,0.01 2 �13.29 0.04
Coniferous trees 32.42 17.78 ,0.01 2 �13.86 ,0.01

aNA 5 not applicable.

FIG. 2—Relationship between the basal area of deciduous trees
and probability of spotted owl territory occupancy in Southern
California, USA. The plot shows the probabilities of occupancy
for both currently occupied (n 5 8) and vacant (n 5 10) territo-
ries. We z-transformed predictors for statistical analyses, but plot-
ted them at their original values. To aid the visualization of
overlapping points, we used the jitter function in R.
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many parts of the Los Padres and Angeles national forests
such that owl densities may be naturally low in these areas.
However, many historically occupied territories are now
vacant, suggesting that low owl densities may be linked to
regional population declines (Tempel et al., 2022). We recog-
nize that our predominantly two-visit approach, as opposed to
the conventional range of three to six visits, along with the
potential for intermittent or ongoing owl occupation since
the last documented occupancy, may have led to undetected
owls in presumed vacant territories. Although our single
survey season prevents us frommaking quantitative inferences
on population change in our study area, our results imply
that, at the least, spotted owls are currently rare in our study
area, even in areas classified as “good habitat” and are geo-
graphically isolated (Figs. S1 and S3). Thus, considering the
large declines observed in other parts of this region (Tempel
et al., 2022), spotted owls are becoming rare or experiencing
declines throughout Southern California, with apparently no
demographically stable populations.
The rarity of spotted owls in our study area may be, at

least partially, the result of drought-related tree mortality
because we detected greater amounts of tree mortality at
vacant territories after the loss of territorial owls than the
period of historical occupancy. California has undergone
progressive drought since 2012, described as a 1 in a 1,200-yr
event (Griffin and Anchukaitis, 2014; Asner et al., 2016). In
the central and southern Sierra Nevadas, where the study of
drought-related tree mortality has been extensive during
this period, tree mortality is substantially higher in climatically
drier areas (i.e., lower elevations and latitudes), in areas with
shallow soils, on shallower slopes, and at greater distances
from water (Paz-Kagan et al., 2017; Fettig et al., 2019; Restaino
et al., 2019). Severe drought anomalies have also become
more prevalent in coastal and Southern California (Williams
et al., 2015); therefore, owl territories located in lower eleva-
tion forests may be particularly vulnerable to severe drought

stress. In addition, anthropogenic water extraction activities
may worsen these effects by depriving forests of water,
leading to higher tree mortality, stream desiccation, and
changes to the prey base (Beck and Gould, 1992). However,
the sample size of territories was small and we acknowledge
that we did not detect a difference in drought-related tree
mortality between currently vacant territories and occupied
territories. Broader scale population declines documented
in the San Bernardino Mountains do not appear to be
predominantly from drought-related tree mortality (Tempel
et al., 2022), suggesting that any drought effects that we
documented in our study were local.

We also found a positive relationship between territory
occupancy and the presence of deciduous trees when com-
paring currently vacant and occupied territories, where the
loss of large oaks could reduce the availability of suitable
nest and roost sites and increase thermal exposure. Com-
pared with other parts of the California spotted owl’s range,
the mountain ranges of Southern California are relatively
hot and dry, with sparsely distributed forested areas at lower
elevations limited to canyon bottoms and drainages—and
associated forest–climate interactions could be contributing
to population declines. In these warm, low-elevation areas,
spotted owls tend to colonize territories with greater densities
of large trees, potentially because they provide cooler microcli-
mates (Tempel et al., 2022). Moreover, extreme heat events
consistently result in ambient temperatures exceeding the
upper critical limit of spotted owls in low-elevation territories,
even when canopy cover is high (McGinn et al., 2023a), and
in turn, could lead to energy conservation strategies that com-
promise foraging or breeding success (McGinn et al., 2023b).
Thus, climate warming may render some territories, particu-
larly low-elevation territories lacking sufficient large trees, ther-
mally unsuitable for spotted owls and contribute both to the
rarity of spotted owls that we observed here and to broader,
regional scale declines across Southern California. Thermally
unsuitable habitats may also become more prevalent because
of the loss of large oak trees from disease (e.g., sudden oak
death syndrome) and novel invasive pests (e.g., goldspotted
oak borer [Agrilus auroguttatus]). The goldspotted oak borer,
a new and potentially devastating pest of oak (Quercus spp.),
has resulted in notable oak declines in the surrounding forests
of Southern California (Coleman and Seybold, 2008), thereby
threatening potentially suitable habitat for spotted owls. How-
ever, as is the case with tests of drought-related tree mortality,
the sample size of territories was sparse and we acknowledge
that larger sample sizes are important to identify broader scale
patterns of territory loss with vegetation change.

Spotted owl habitat has also been lost in some areas in
the Los Padres and Angeles national forests from recent
severe wildfires (Higuera and Abatzoglou, 2021; Fig. S4).
There is evidence that suggests spotted owls typically avoid
foraging beyond 100 m into large patches of severely burned
forests (Jones et al., 2020) and that territory occupancy rates
decrease with greater amounts of severe wildfire (Lee et al.,
2013; Jones et al., 2016; Kramer et al., 2021). In the San

FIG. 3—Relationship between annual drought-related tree mor-
tality estimates and probability of spotted owl territory occupancy in
vacant territories during present and historical conditions in South-
ern California, USA. The plot shows the probabilities of occupancy
based on tree mortality estimates for both present and historical
conditions. We z-transformed predictors for statistical analyses
but plotted them at their original values. To aid the visualization
of overlapping points, we used the jitter function in R.
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Bernardino and San Jacinto mountains, Tempel et al.
(2022) showed that owl territory extinction rates increased
with the amount of high-severity wildfire in 10 yr and that
colonization rates decreased to nearly zero when$40% of a
territory experienced high-severity wildfire burn within 10 yr.
However, the rarity of occupied territories in this study did
not appear to be predominately the result of severe wildfire,
given that we did not detect a difference in the amount of
severe wildfire between currently occupied and vacant terri-
tories, nor differences at vacant territories during the period
of historical occupancy and after losing territorial owls,
although we acknowledge the power to detect this impact is
likely limited because of our small sample sizes. Broader scale
population declines documented in Southern California do
not appear to be predominantly from severe wildfires, given
that Tempel et al. (2022) found that high-severity wildfire
only accounted for 10% of the observed decline in spotted
owl occupancy in the San Bernardino Mountains from 1991
to 2019. Certainly, severe wildfires resulting from climate
change and fire suppression pose a significant threat to spot-
ted owls in Southern California, but do not appear to be the
primary cause of the rarity and decline in spotted owls that
we and others have documented in Southern California. At
burned sites, postfire salvage logging can decrease the odds
of occupancy of the site by spotted owls (Lee and Bond,
2015; Jones and Peery, 2019), potentially further compound-
ing the challenges that these birds face in recovering after
severe wildfires.

Several other unmeasured environmental factors could
contribute to the rarity of spotted owls in Southern Cali-
fornia, including human recreation, air pollution (LaHaye
and Gutiérrez, 2005), and anticoagulant rodenticide expo-
sure (Hofstadter et al., 2021). Among these factors, anticoag-
ulant rodenticide exposure is a potentially significant threat,
given high exposure rates near the wildland–urban interface
in other parts of the spotted owl’s range (Gabriel et al., 2018;
Wiens et al., 2019; Hofstadter et al., 2021). Indeed, a combi-
nation of these stressors has the potential to cause cumulative
effects on spotted owls that ultimately contribute to low
densities and declining territory occupancy in the region.
Ultimately, further research is necessary to conclusively deter-
mine the causes of these declines in Southern California’s
spotted owl population.

With extreme heat events, wildfires, and drought becoming
more severe and frequent, and with the growing human
population, forested habitats in Southern California are
likely to continue to decline and become more fragmented.
In principle, increasing connectivity could help prevent the
extirpation of small isolated populations (Conlisk et al., 2021),
but rescue effects in Southern California are unlikely given
the lack of healthy source populations and the distances
between mountain ranges that generally exceed dispersal
distance. Thus, we suggest that the most effective strategy
to conserve spotted owls in Southern California may be to
maintain and promote tall, closed-canopy forests, especially
from severe wildfires at high elevations and particularly in

the San Bernardino Mountains, which harbor the largest
remaining spotted owl populations. These high-elevation
forests are key because they 1) provide accessible microcli-
mates for owls to roost and nest during extreme heat events;
and 2) support important, resource-rich prey items for spot-
ted owls, including dusky-footed woodrats. Considering the
recent proposal to list the Coastal-Southern California popu-
lations as endangered under the Endangered Species Act,
these findings offer insights into the present condition of
spotted owls in Southern California.
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