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Abstract

Fire shapes biodiversity in many forested ecosystems, but historical manage-

ment practices and anthropogenic climate change have led to larger, more

severe fires that threaten many animal species where such disturbances do not

occur naturally. As predators, owls can play important ecological roles in bio-

logical communities, but how changing fire regimes affect individual species

and species assemblages is largely unknown. Here, we examined the impact of

fire severity, history, and configuration over the past 35 years on an ass-

emblage of six forest owl species in the Sierra Nevada, California, using

ecosystem-scale passive acoustic monitoring. While the negative impacts of fire

on this assemblage appeared to be ephemeral (1–4 years in duration), spotted

owls avoided sites burned at high-severity for up to two decades after a fire.

Low- to moderate-severity fire benefited small cavity-nesting species and great

horned owls. Most forest owl species in this study appeared adapted to fire

within the region’s natural range of variation, characterized by higher propor-

tions of low- to moderate-severity fire and relatively less high-severity fire.

While some species in this assemblage may be more resilient to severe wildfire

than others, novel “megafires” that are larger, more frequent, and contigu-

ously severe may limit the distribution of this assemblage by reducing the

prevalence of low- to moderate-severity fire and eliminating habitat for a

closed-canopy species for multiple decades. Management strategies that restore

historical low- to moderate-severity fire with small patches of high-severity fire

and promote a mosaic of forest conditions will likely facilitate the conservation

of this assemblage of forest predators.
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INTRODUCTION

Disturbance can increase biodiversity by supporting
species with varying sensitivities to dynamic ecological
processes (Connell, 1978). Fire is a driving agent of dis-
turbance in many forest ecosystems (Bond & Keeley,
2005; Seavy et al., 2012; White et al., 2016), and the
characteristics of a fire regime—severity, return interval,
configuration, size, and seasonality—are driven by a
region’s elevation, latitude, and climate (Archibald et al.,
2013; McLauchlan et al., 2020; Veblen et al., 2000). These
features influence the suitability of burned habitat for
both fire-associated and fire-avoidant species, and species
often exhibit adaptations to iterative features of fire dis-
turbance (Blakey et al., 2021; Fontaine et al., 2009; White
et al., 2016). For example, species adapted to shorter
interval, lower severity fire regimes, like those that occur
in seasonally dry forests, often rely on different aspects of
a dynamic mosaic of fire severity and successional stages
(Jones & Tingley, 2022; Tingley et al., 2016). Animals that
occur in fire-prone landscapes have varied relationships
with burned forest depending on their natural histories,
and species diversity is often high where fire promotes
heterogeneity in forest age and structure (Ponisio et al.,
2016; Taillie et al., 2018; Tingley et al., 2016).

While natural fire regimes can support biodiversity,
novel fire dynamics potentially pose a substantial threat
to some animals and biological communities even in for-
ests adapted to frequent fires (Levine et al., 2022; Taylor
et al., 2016; Westerling et al., 2011; Wood & Jones, 2019).
In western North America, fire suppression has led to
longer return intervals, broad homogenization of forests
(Lydersen & Collins, 2018), and a reduction in biodiver-
sity (Steel et al., 2019). Climate change, the suppression
of natural forest fires, and the loss of indigenous fire man-
agement have broadly created more homogenous forest
landscapes and contributed to large, stand-replacing, high-
severity fires (Skinner & Chang, 1996). These large-scale,
high-severity “megafires” can limit forest regeneration,
threaten species that tend to avoid fire-disturbed land-
scapes, and reduce and sometimes reverse the value of fire
disturbance for fire-associated species (Steel et al., 2022).
While species show varied responses to fire, novel distur-
bance events often fail to yield forest heterogeneity typi-
cal of historical fires, eliminating habitat for forest
specialists and potentially inducing novel interspecific
dynamics in ecosystems (Delheimer et al., 2019; Jones
et al., 2021; Steel et al., 2022).

Predators often exhibit top-down effects on biological
communities, and the impacts of environmental change
on higher trophic levels can cascade to entire ecosystems
(Estes et al., 2011; Pace et al., 1999). Fire can mediate
interactions between higher trophic levels and other

species and shape communities through predator interac-
tions with both competitors and prey (Geary et al., 2020).
For example, Canis dingo, a predatory species adapted to
hunting in open habitat, benefit from recently burned
vegetation and, in turn, appear to suppress invasive foxes
(Geary et al., 2018). However, as disturbance regimes
change, the way fire influences predator interactions may
shift as well. Globally, owls occupy apex positions in their
respective food chains, but how changes in natural dis-
turbance processes impact this guild of nocturnal preda-
tors is largely unknown (Wood, Gutiérrez, et al., 2019).
The Sierra Nevada in California hosts a diverse and
speciose assemblage of forest owls (Gutiérrez et al., 2007),
but we know very little of how owl species associate with
disturbed habitat in this region given their cryptic nature
(Wood, Gutiérrez, et al., 2019). In this region, the histori-
cal percentage of areas burned at high severity was 5%–
20%, with patches of high-severity fire ranging between
10 and 100 ha (Safford & Stevens, 2017). Over the past
few decades, the proportion of high-severity fire has
increased (Steel et al., 2018). An ecosystem-scale passive
acoustic monitoring program that spans across the Sierra
Nevada (Kelly et al., 2023) offers an opportunity to study
interspecific variation in habitat associations following
wildfires that vary in their resemblance to historical dis-
turbance patterns in an understudied guild of avian
predators.

Here, we conducted ecosystem-scale passive acoustic
surveys across the Sierra Nevada bioregion to test the
hypothesis that site occupancy for six forest owl species is
related to the severity, spatial configuration, and tempo-
ral history of past fire disturbance. We first examined the
effect of elevation, latitude, and the proportion of closed-
canopy forest to account for broad spatial variation in site
occupancy and examined species’ associations with can-
opy characteristics. We predicted that all species would
be less likely to occupy forests burned at higher severity
the previous year due to a loss of live overstory, which is
important for all species to varying degrees (Bennett &
Bloom, 2005; Davis & Weir, 2010; Giese, 1999; Groce &
Morrison, 2010; Gutiérrez et al., 2017; Linkhart et al.,
1998). We further predicted that species that nest and
roost in closed-canopy forest would be less likely to
occupy forest burned at higher severity for extended
periods of time due to the loss of overstory. We predicted
that cavity-nesting species would be more likely to
occupy habitat burned at low- to moderate-severity
2–10 years postfire due to increased nesting opportunities
(Gehlbach & Stoleson, 2010; Reynolds & Linkhart, 1987),
and species that forage in open forest would be more
likely to occupy sites burned at higher severity after at
least 5–10 years of shrub and hardwood regeneration,
due to potential foraging opportunities (Johnson, 1992).

2 of 17 MCGINN ET AL.

 19395582, 2025, 1, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.3080, W

iley O
nline L

ibrary on [29/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Finally, we predicted that patchier high-severity fire
would immediately benefit all species by creating edges
between older and younger forest (Jones et al., 2020).
Understanding the impacts of past fire disturbance on
the distribution of this predator assemblage is important
to identify management strategies to conserve predator
biodiversity in this and other regions as fire regimes con-
tinue to change and produce larger, more contiguously
severe disturbance events.

METHODS

Study system

The species that comprise the owl assemblage in the
Sierra Nevada co-occur at landscape scales but occupy
distinct ecological niches (Wood, Gutiérrez, et al., 2019).
While all forest owl species rely on trees for nesting, great
horned (GHOW; Bubo virginianus) and western screech
(WESO; Megascops kennicottii) owls occupy a wide vari-
ety of habitats and often forage where canopies are rela-
tively open (Davis & Weir, 2010; Johnson, 1992).
Flammulated owls (FLOW; Psiloscops flammeolus) breed
in mid-successional mixed conifer forests often domi-
nated by yellow pine and Douglas fir (Linkhart
et al., 1998). California spotted owls (SPOW; Strix
occidentalis occidentalis) rely on closed-canopy forest for
roosting and nesting, while benefiting from forest
heterogeneity—specifically edges between younger and
more mature forest—for access to prey (Zulla et al.,
2022). Northern pygmy (NOPO; Glaucidium gnoma) and
northern saw-whet (NSWO; Aegolius acadicus) owls are
more general in their habitat associations but often nest
in mature forests (Groce & Morrison, 2010; Hayward &
Garton, 1988; Hinam & St Clair, 2008). Finally, western
screech, flammulated, northern pygmy, and northern
saw-whet owls are secondary cavity nesters, nesting in
cavities excavated by other species (Bull et al., 1997; Scott
et al., 1977) that are more prevalent following fires
(Tarbill et al., 2015) but are also present in unburned
forest.

Acoustic monitoring in the Sierra Nevada

We conducted ecosystem-scale passive acoustic monitor-
ing (PAM) surveys in 1648 sites across the Sierra Nevada
in 2021. Our surveys spanned the western slope of the
Sierra Nevada, including coverage in all seven national
forests, three of the four national parks, and some private
land (Kelly et al., 2023). We divided this area into 6236
4-km2 hexagonal grid cells, which are comparable in size

to SPOW and GHOW territories in this region (Bennett &
Bloom, 2005; Kelly et al., 2023) and likely encompass
smaller owl territories (Peery, 2000), to obtain a total
sampling area of 24,494 km2. In 2021, we surveyed
845 nonadjacent grid cells to reduce the possibility of
double-counting potential SPOW and GHOW territories
(Wood, Popescu, et al., 2019). Cells were excluded if they
intersected highways, were over 50% water, or lacked
road/trail access.

We deployed one to three, but generally two, autono-
mous recording units (ARUs; SwiftOne recorder, K. Lisa
Yang Center for Conservation Bioacoustics) in each sur-
veyed grid cell. When possible, no ARUs in this project
were closer than 500 m to one another and ARUs were
placed at least 250 m from the edges of cells. ARUs had a
single omnidirectional microphone with −25 dB sensitiv-
ity, 62 signal-to-noise ratio, and recorded 20:00–08:00
PDT at a sample range of 32 kHz, 16-bit resolution, and
gain of +33 dB. We began deployments in early May,
and surveys lasted through mid-July. Most locations were
surveyed for approximately five weeks continuously.

Forest owl detections

To identify forest owl vocalizations, we used the BirdNET
algorithm, a deep convolutional neural network designed
to identify 984 North American and European bird spe-
cies by sound (Kahl et al., 2021). We developed a cus-
tomized version of BirdNET (Kahl et al., 2021) that was
overfit to the vocalizations of species of interest in this
region, including the six forest owls in this study.
BirdNET outputs a unitless numeric prediction score,
ranging from 0 to 1, for each species in every 3-s interval
of audio data. This prediction score indicates confidence
in the identification, with larger numbers indicating
greater confidence.

Acoustic validation

For all species except SPOW, we designed species-specific
probability-based thresholds in the prediction score to
minimize false positives in our acoustic identifications.
For each species, we manipulated thresholds for both the
minimum BirdNET prediction score for an observation,
as well as the minimum number of observations within
an hour, such that an hour-long sample was marked as a
true positive only if the number of BirdNET observations
above a selected prediction score was above a selected
number of calls per hour. For each of these species, we
manually validated a random subset of at least 200 h-long
acoustic data files that each contained at least one
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BirdNET identification with a prediction score of at least
0.1. For each hour-long sample, we used RavenPro 2.0
(Cornell Lab or Ornithology, Ithaca, NY) to manually
scan potential observations to either (1) confirm the pres-
ence of at least one true call or (2) identify false positives
where no true calls were present. In each hour-long sam-
ple, we counted the number of BirdNET identifications
over a series of prediction score thresholds (0.1, 0.2, …,
0.9, 0.91, …, 0.99). We then estimated the probability of a
random hour of acoustic data representing a false positive
as a function of the number of BirdNET observations
over each prediction score. We fit logistic regressions in
which the true-positive/false-positive status of an hour-
long acoustic data file was the binary response and the
number of BirdNET observations above a prediction
threshold was the predictor (lme4; Bates et al., 2015). We
did this for multiple prediction score thresholds for each
species. We extrapolated false-positive rates to a seven-
day sampling period using the following equation:
1 − (1 − FP)n, where FP is the false-positive rate per hour
and n is the number of hours within the sampling period
in which ARUs were recording (84 h total).

For FLOW and GHOW, we identified a call rate and
score threshold at which the false-positive rate for the
secondary sampling period was about 0.01 (Appendix S1:
Figure S1). We used these thresholds to filter detections
used in encounter histories. Maximizing precision for
three species (NSWO, WESO, NOPO) with BirdNET
thresholds produced recall too low to be usable for occu-
pancy models, so we employed an alternative strategy for
these species. First, we used a more liberal call rate and
prediction score threshold that resulted in higher false-
positive rates (Appendix S1: Figure S1). We manually val-
idated all remaining BirdNET observations for these spe-
cies, which were then included in encounter histories.
All SPOW vocalizations above a threshold of 0.989 were
validated separately from the other forest owl species as
part of a separate, species-specific monitoring program
(Kelly et al., 2023) and were included in a final encounter
history for the species.

To account for imperfect detection, we divided the
continuous sampling in 2021 into two 4-week-long sec-
ondary sampling periods starting on Julian day 130 and
ending on 193. Each week of acoustic sampling was sepa-
rated by one day. Specifically, the first week of sampling
occurred on Julian days 130–136, the second week of
sampling occurred on Julian days 138–144, and so
on. We determined the presence of either a manually val-
idated or threshold-validated detection in each secondary
sampling period. If an ARU was not recording at any
point during a particular secondary sampling period, we
would consider that period null. For all smaller forest
owls (FLOW, WESO, NSWO, NOPO), we evaluated

detections at the scale of single ARUs. We made this deci-
sion because these species have smaller home ranges,
and their calls are quieter and propagate over shorter dis-
tances than the larger species. For the larger species
(GHOW and SPOW), we created encounter histories at
the scale of sampling hexagons because these species
have larger home ranges and there is a greater chance
that multiple ARUs in a sampling hexagons are recording
calls from the same individual (Reid et al., 2022).

Predictor variables

To account for the effects of spatial environmental varia-
tion on the probability of site occupancy for these six owl
species, we calculated elevation and latitude at each ARU
location. We averaged values between ARUs in the same
sampling cell for covariates to be used in occupancy
models for the two larger species (GHOW and SPOW).
To account for the effects of spatial characteristics on the
probability of detecting each species, which have vocali-
zations with different acoustic characteristics and likely
different propagation across the landscape, we measured
terrain ruggedness and the proportion of closed-canopy
forest within the 250-m buffers and the hexagonal sam-
pling cells. This buffer size was selected for the smaller
species given the relative size of their territories (Davis &
Weir, 2010; Giese & Forsman, 2003; Hinam & St Clair,
2008; Linkhart et al., 1998). We calculated terrain rugged-
ness as the SD of elevation in a sample buffer/cell
(Duchac et al., 2021), and canopy cover was calculated as
the proportion of a buffer/cell with canopy cover greater
than 70% (Jones et al., 2016; Tempel et al., 2014). Canopy
cover was downloaded from the California Forest Obser-
vatory Database (CFO; Salo Sciences, 2020). These are
fine-scale estimates (10 m) created by imputing airborne
lidar estimates of forest structure across the landscape
using deep learning models that recognize forest struc-
ture patterns in satellite imagery.

We quantified fire variables at two severity classes:
low- to moderate-severity fire (0%–75% overstory mortality)
and high-severity fire (>75% overstory mortality). Gener-
ally, we considered fires with more low- to moderate-
severity fire and smaller areas of high-severity fire to be
within this region’s natural range of variation and fires
with larger proportions of severe fire to be more charac-
teristic of “megafires” (Safford & Stevens, 2017; Steel
et al., 2018). To estimate fire severity, we obtained fire
data from the Monitoring Trend in Burn Severity (MTBS;
https://www.mtbs.gov/) for fires larger than 400 ha. We
binned fire data, stacking data by most recent distur-
bance, into five consecutive temporal groups that
increased in duration: one year following a fire
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disturbance, 2–4 years, 5–10 years, 11–21 years, and
21–35 years. These categories have been shown to differ-
entially influence animal responses to fire disturbance
(Donato et al., 2016; Fontaine & Kennedy, 2012; Gonz�alez
et al., 2022; McIver et al., 2008; Nappi & Drapeau, 2009).

Using the “landscapemetrics” package (version 1.5.6;
Hesselbarth et al., 2019) in R version 4.2.1 (R Core
Team), we calculated the proportion and patch density
(number of patches/area) of both fire severity classes for
each temporal group. Specifically, we calculated the pro-
portion of low- to moderate-severity and high-severity
burned area in 250-m buffers for small species and in
hexagonal sampling cells for the two larger species. We
used patch density to quantify the patch characteristics
for each fire class within each 250-m buffer or 400-ha cell
because it was less correlated with composition (propor-
tion of each severity class) than other patch metrics. A
lower value for patch density indicates a more contiguous
landscape and a higher value indicates a patchier fire
footprint.

Fire history analysis

To examine the effects of the severity, patchiness, and
temporal history of fire on the occupancy of forest owls
across the Sierra Nevada, we fit single-species, single-sea-
son occupancy models (MacKenzie et al., 2003), which
enabled us to estimate the occupancy of a species of inter-
est from our imperfect acoustic detection process. These
models require repeated surveys at fixed locations, in this
case ARUs, and allow spatial predictors to describe pat-
terns in occupancy and detectability. All covariates used
in the analyses were standardized.

We modeled the probability of detecting each species
as univariate functions of terrain ruggedness, a continu-
ous covariate related to the secondary sampling period,
and the consecutive number of hours ARUs recorded
throughout the summer. These variables have previously
been shown to affect the detection probability of vocaliz-
ing owl species (Duchac et al., 2021). We ranked all uni-
variate models using Akaike information criterion (AIC)
and considered competitive models as those within
2 ΔAIC units of the top ranked model. We then added
variables in order of rank until the resulting models were
no longer within 2 AIC units of the top model. When a
parameter was added to a top ranked model but did not
provide a reduction of more than 2 AIC units, we consid-
ered the parameter to be uninformative (Arnold, 2010).
We carried forward the top detection models that did not
contain uninformative parameters.

The best detection models informed the next stage in
which we modeled the probability of site occupancy. We

fit three parallel sets of models in which we considered:
(1) preliminary covariates to account for broad spatial
variation in site occupancy; (2) the proportion of burned
forest in sites to examine fire severity; and (3) the patch
density of burned forest to examine the patchiness of
burns at both severity classes. For the preliminary analysis,
we examined the probability of site occupancy as univari-
ate functions of elevation, latitude, and the proportion of a
site with canopy cover over 70%. For proportion, we exam-
ined the probability of site occupancy as univariate func-
tions of the proportion of a site burned at both severity
classes for all time steps. For patch density, we examined
the probability of site occupancy as univariate functions of
patch density of both severity classes for all time steps. As
above, we ranked univariate models and added variables
in order of rank until resulting models were no longer
within 2 AIC units of the top model. We did not run global
models within each of the three subgroups because several
covariates were correlated with one another.

We combined the top preliminary, proportion, and
patch density models within 2 AIC units of the top model
on their respective groups that did not contain uninfor-
mative parameters. In this final stage, we ran a global
model and removed covariates until the top performing
model did not contain uninformative parameters
(as defined by Morin et al., 2020). In all stages of ana-
lyses, we did not include covariates that were highly col-
linear in the same model (Pearson correlation coefficient,
jrj > 0.7; Dormann et al., 2013). We standardized all
covariates and ran all models in the package “unmarked”
(version 1.2.5; Kellner et al., 2023) in R version 4.2.1
(R Core Team). We assessed the model fit of the best-
supported, species-specific occupancy models using the
goodness-of-fit test (Pearson’s χ2 test) implemented with
the mb.gof.test function in the package “AICcmodavg”
(Mazerolle, 2023) and bootstrapped 1000 times to obtain a
p value (MacKenzie & Bailey, 2004). We considered
models to appropriately fit the data if p values were greater
than 0.05 (MacKenzie & Bailey, 2004). Finally, if multiple
models were competitive in the final model set, we aver-
aged model outputs using the package “AICcmodavg.”

RESULTS

Acoustic survey efforts

We screened 555,718 h (the equivalent of 63.4 years) of
usable acoustic data from early May to late July 2021
using BirdNET. We obtained usable acoustic data from
surveys across 1648 sites for smaller owls and 845 hexago-
nal sampling cells for the two larger species across sam-
pled locations in the Sierra Nevada. We obtained a
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variable number of hours and sites with detections that
met our species-specific thresholds designed to eliminate
the potential for false-positive detections (Appendix S1:
Figure S1). All six species were detected across the region
(Figure 1).

Detection probabilities

For all results, we consider β estimates with 85% confi-
dence that do not overlap zero to be significant
(Sutherland et al., 2023). The probability of detecting
GHOW increased with the average number of recording
hours between ARUs in each cell and average ruggedness
in cells (Table 1; Appendix S1: Table S2). The probability
of detecting western screech owls WESO increased with
terrain ruggedness and increased with time across the
primary sampling period (Table 1; Appendix S1:
Table S2). The probability of detecting FLOW and
NOPO decreased with time across the primary sampling
period (Table 1; Appendix S1: Table S2). The probability
of detecting SPOW increased with the average number of
recording hours between ARUs in each cell (Table 1;
Appendix S1: Table S2). Top models for NSWO indicated
a lack of fit.

General habitat associations

The occurrence of each of these six species of owl varied
across the Sierra Nevada based on several general spatial
characteristics (Figure 2). GHOW were less likely to
occupy sites with a higher proportion of closed-canopy
forest and were more likely to be at lower elevations and
lower latitudes (Table 1, Figure 2). WESO were also less
likely to occupy sites at lower elevations and latitudes
(Table 1, Figure 2). FLOW were more likely to occupy
sites at higher latitudes, while SPOW were more likely to
occur at lower latitudes (Table 1, Figure 2). SPOW,
NSWO, and NOPO were more likely to occur where there
was a higher proportion of closed-canopy forest. Finally,
NOPO were less likely to occur at higher elevations
(Table 1, Figure 2).

Effect of fire on occupancy

The top occupancy models for each species indicated that
associations with fire severity, history, and composition
varied among species (Table 1). At some point postfire,
occupancy was lower for five of six species in severely
burned forests. Three of the six species in this study—
SPOW, FLOW, and NOPO—showed negative

associations with higher proportions of high-severity fire
that burned one year prior (Figure 3). The odds (Jones &
Peery, 2019) of FLOW occupying a site decreased by
9.4%, with every 1-ha increase in high-severity fire that
burned 1-year prior, and the odds of NOPO occupying a
site decreased by 14.3% (Table 1, Figure 3). Negative
responses to severe fire persisted across time only for
SPOW. Specifically, the odds of SPOW occupying a cell
decreased by 11.2% for every 10-ha increase in high-
severity fire that burned 1 year prior, decreased by 4.3%
for every 10-ha increase in high-severity fire that burned
5–10 years prior, and decreased by 7.0% for every 10 ha
increasing in high-severity fire that burned 11–20 years
prior (Table 1, Figure 3). The odds of GHOW occupying a
cell decreased by 27.8% for every 10-ha increase in high-
severity fire that burned 2–4 years prior (Table 1,
Figure 3).

Responses to low- to moderate-severity fire varied
across species. The odds of WESO occupying a site
increased by 11.1% for every 1-ha increase in low- to
moderate-severity fire that burned 2–4 years prior while
the odds of FLOW occupying a site increased by 7.4%
with every 1-ha increase in low- to moderate-severity fire
that burned 5–10 years prior (Table 1, Figure 3). The odds
of GHOW occupying a cell increased by 6.2% for every
10-ha increase in low- to moderate-severity fire that
burned 21–35 years prior, while the odds decreased by
12.8% with every 1-ha increase for FLOW (Table 1,
Figure 3).

Higher density of burned patches generally yielded
lower probabilities of occupancy for several forest owls
(Figure 3). One year after a fire, WESO and SPOW were
less likely to occupy sites with a higher patch density of
low- to moderate-severity fire (Table 1, Figure 3). While
most species’ responses to the patch density of fire were
largely neutral, GHOW showed a positive association
with patchier high-severity fire that burned 21–35 years
prior to sampling (Table 1, Figure 3).

DISCUSSION

The alteration to historical fire regimes leaves the fate of
many species in disturbance-adapted ecosystems uncer-
tain. This is the first study to examine the effect of fire on
a predator guild across a bioregion, with a focus
on understudied forest owls likely to have important top-
down effects on multiple animal communities (Wood,
Gutiérrez, et al., 2019). Our results suggest that these spe-
cies have distinct associations with burned forests and
that the status of this assemblage depends on a combina-
tion of fire severity, patchiness, and temporal history.
While site occupancy in burned forests varied among
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F I GURE 1 Sierra Nevada study area and forest owl detections. Colors correspond to validated occurrences of great horned owls,

western screech owls, flammulated owls, spotted owls, northern pygmy owls, and northern saw-whet owls. The regional study area was

divided into noncontiguous hexagonal sampling grids across seven national forests (green) and three national parks (brown). In

845 noncontiguous sampling hexagonal cells, we deployed one to three passive autonomous recording units (ARUs). We conducted analyses

at the scale of the hexagonal sampling cells for the larger species and at the scale of 250-m buffers around ARUs for the smaller species. Note

that spotted owl detections were all manually vetted, while the other five species were obtained using prediction score and call rate

thresholds. The distributions of those five species are likely underestimated as a consequence of eliminating false positives.

ECOLOGICAL APPLICATIONS 7 of 17
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TAB L E 1 Top combined models for all species.

Species Model structure p value Effect Estimate SE

GHOW phours+rugged, ψlatitude+CC+elevation+LM21–35+H2–4 0.07 Hours 0.33 0.15

Rugged 0.09 0.11

Latitude −0.24 0.11

Elevation −0.31 0.13

CC −0.73 0.14

LM21–35 0.23 0.12

H2–4 −0.29 0.15

phours+rugged, ψlatitude+CC+elevation+H21–35_pd+H2–4 0.07 Hours −0.32 0.16

Rugged 0.10 0.11

Latitude −0.23 0.10

Elevation −0.31 0.12

CC −0.73 0.14

H21–35_pd 0.20 0.13

H2–4 −0.28 0.15

WESO ptime+rugged, ψlatitude+elev+LM2–4+LM1_pd 0.38 Rugged −1.38 0.12

Time 4.76 1.75

Elevation −1.35 0.12

Latitude −0.55 0.11

LM2–4 0.21 0.08

LM1_pd −0.54 0.20

FLOW ptime, ψlatitude+LM5–10+LM21–35+H1 0.65 Time −7.39 1.90

Latitude 0.28 0.01

LM5–10 0.27 0.08

LM21–30 −0.33 0.16

H1 −0.25 0.15

NOPO ptime, ψCC+elevation+H1 0.79 Time −7.63 1.54

Elevation −0.66 0.15

CC 0.56 0.15

H1 −0.39 0.13

NSWO ptime, ψCC+H5–10_pd+H1 0.05 Time −8.16 2.78

CC 1.01 0.47

H5–10_pd −0.60 0.48

H1 −4.10 5.73

ptime, ψCC+LM5–10+H1 0.05 Time −8.20 2.79

CC 1.00 0.43

LM5–10 −0.33 0.28

H1 −3.99 5.62

SPOW phours, ψCC+latitude+H1+H5–10+H11–20 0.42 Hours 0.31 0.11

CC 1.08 0.21

Latitude −0.49 0.10

H_1 −0.63 0.14

H_5–10 −0.18 0.09

H_11–20 −0.18 0.10
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TAB L E 1 (Continued)

Species Model structure p value Effect Estimate SE

phours, ψCC+latitude+LM20_pd+H5–10+H11–20 0.44 Hours 0.31 0.11

CC 0.95 0.16

Latitude −0.49 0.10

LM_1_pd −0.67 0.15

H_5–10 −0.19 0.09

H_11–20 −0.18 0.10

Note: We report model structure, p values (which indicate suitable goodness-of-fit when over 0.05), and covariate estimates and SEs. We report multiple models
for a species if multiple models are competitive. Fire covariates are labeled with the severity (LM = low to moderate, H = high), followed by the time bin
(ex. H2–4 is high-severity fire that burned 2–4 years prior) and whether the variable described patch density (_pd).
Abbreviations: FLOW, flammulated owls; GHOW, great horned owls; NOPO, northern pygmy owls; NSWO, northern saw-whet owls; SPOW, spotted owls;
WESO, western screech owls.

F I GURE 2 Covariate effect sizes from top ranked occupancy models for flammulated owls (FLOW), great horned owls (GHOW),

northern pygmy owls (NOPO), northern saw-whet owls (NSWO), spotted owls (SPOW), and western screech owls (WESO). Gray indicates

covariates that describe broad spatial associations, red indicates a fire covariate describing high-severity fire, and orange indicates a fire

covariate describing low to moderate severity. Triangles indicate configuration covariates, and the square indicates an interaction between a

composition and configuration covariate. Error bars show 85% CIs. The top model describing northern saw-whet owl occupancy contained

estimated effect sizes with large values and CIs that overlapped zero, indicated by the horizontal error bars in the northern saw-whet panel.

Parameter effects with asterisk indicate those that were unique to the first and second best models.
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species, recent fires appeared to have a stronger influence
on owl occupancy than older fires. Recent low- to
moderate-severity fire promoted occupancy for two out of
the four cavity-nesting species, and the negative impacts of
high-severity fire appeared to be largely ephemeral for the
assemblage of species. Thus, historically frequent and het-
erogenous fire likely supported this diverse assemblage of
avian predators. SPOW—which are closely associated with
closed-canopy forests—were largely absent from sites that
experienced more high-severity fire within the past two
decades. While higher proportions of severe fire—charac-
teristic of novel “megafires”—may limit the distribution of
multiple species immediately after a disturbance, we found
direct evidence for prolonged negative consequences of
severe fire only for SPOW. While other forest owl species
may be more resilient to the potential long-term impacts
of severe fire, disturbance events with increasingly higher
proportions of stand-replacing fire may limit the habitat
created by low- to moderate-severity fire.

Lasting negative impacts of high-severity
fire for spotted owls

SPOW avoided burned forests for up to two decades fol-
lowing high-severity fire, whereas previous, shorter term
studies have only shown that historical territories remain
unoccupied for up to six years following disturbances that
produced large areas of severely burned forest (Jones
et al., 2022). Our study shows that the negative impacts
of high-severity fire may persist longer than previously
documented for this species. SPOW rely on older, closed-
canopy forests for nesting and roosting, and such habitat
also supports stable microclimates when conditions
exceed physiological thresholds (Jones et al., 2016;
McGinn et al., 2023). High-severity fire, especially when
homogenous, leads to the loss of suitable nesting and
roosting habitat that is unlikely to regenerate for many
decades (Jones et al., 2022). While SPOW appeared to be
largely absent from forests burned at high severity 1 year

F I GURE 3 Predicted relationships between the proportion and patch density of low- to moderate-severity fire and high-severity fire

and the probability of site occupancy (ψ) for six forest owl species. Solid lines indicate a predicted relationship between either patch density

or proportion of both severity classes at each times step, and are shown only for covariates that comprise top models for each species.

Dashed lines indicate species-specific estimates of mean occupancy. FLOW, flammulated owls; GHOW, great horned owls; NOPO, northern

pygmy owls; NSWO, northern saw-whet owls; SPOW, spotted owls; WESO, western screech owls.
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prior and 5–20 years prior (Figure 4), they had neither a
negative nor positive relationship with forest burned at
high severity 2–4 years prior. Hexagonal sampling cells
that overlapped burns from 2017 to 2019 had a maximum
proportion of high-severity fire of 0.27, while cells that
overlapped fires from 2020 had a maximum proportion of
0.96. Therefore, there either (1) was not enough variation
in the dataset to determine the relationship between
high-severity fire from that timestep and SP occupancy or
(2) SPOW in fire-adapted ecosystems are not particularly
sensitive to high-severity fire if it burns less than a quar-
ter of a site 2–4 years prior (see also Jones et al., 2016,
2021). Regardless, our results strongly suggest that SPOW
face long-term loss of suitable habitat as fires become
larger and more contiguously severe in the Sierra
Nevada.

Lower severity fire is considered to be relatively
benign, if not beneficial, for SPOW (Jones et al., 2018;
Lee et al., 2012) potentially by promoting foraging habitat
(Wilkinson et al., 2022; Zulla et al., 2022), and therefore,
we expected that this species would be more likely to
occur in areas burned at low to moderate severity.

Contrary to our expectations, low- to moderate-severity
patchiness appeared to reduce the suitability of sites
immediately following a disturbance. We believe this was
because the proportion of high-severity fire and patchi-
ness of low- to moderate-severity fire were correlated
such that the loss of habitat to contiguous high-severity
fire outweighed the potential benefits of heterogeneity
created by patchy low- to moderate-severity fire.

Varying effect of high-severity fire on
occupancy

GHOW are widely distributed across North America and
occur within a broad range of habitat types (Bennett &
Bloom, 2005). Consistent with previous work, we found
this species was less likely to occupy sites with more
closed-canopy forests. Further, GHOW in the Sierra
Nevada were less likely to associate with high-severity
fire 2–4 years following a disturbance but more likely to
associate with patchy high-severity fire 11–20 years fol-
lowing a disturbance. These findings corroborate

F I GURE 4 Validated SPOW detections included in the spotted owl occupancy models within and near the boundaries of the King,

Creek, and North Complex Fires. Orange indicates low- to moderate-severity fire and red indicates high-severity fire. Bold hexes indicate

sampling cells that contained at least one detection during the 2021 sampling period. Only a few spotted owls were detected within the

boundaries of these fires, and none were detected within areas of contiguous high-severity fire.
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previous studies in which GHOW tended to avoid forests
burned at high severity a few years prior but benefited
from heterogeneity in habitat types (Duchac et al., 2021;
Grossman et al., 2008). Severe fire leads to a loss of stand-
ing overstory, followed by regrowth of early succession
wildflowers and forbs in the few years following a distur-
bance. While this ephemeral vegetation provides poten-
tial food resources for other birds like mountain quail
(Brunk et al., 2023), the mammalian prey that
GHOW often hunt may not recolonize severely burned
sites until shrubs regenerate (Culhane et al., 2022). A
decade of regeneration in high-severity burns allows suf-
ficient time for shrubs and small trees to grow, which
small mammals use for foraging and cover (Torre &
Díaz, 2004). A patchy configuration of such burns may
afford GHOW enough access to edge habitat to take
advantage of this prey resource.

WESO have previously been described as rare in the
central Sierra Nevada (Groce, 2008), although our work
demonstrates that they are currently distributed through-
out the region (Figure 1). Previous research on forest owl
occupancy in the Pacific Northwest showed that WESO
were more likely to occupy sites burned at high severity
two years prior (Duchac et al., 2021). However, we found
that this species neither avoided nor preferred sites
burned at high severity at any successional stage, but
they were less likely to occupy sites with patchy low- to
moderate-severity burns from fire the year prior. In this
timestep, low- to moderate-severity patchiness was highly
and positively correlated (r = 0.75) with the proportion
of sites burned at high severity. In the Sierra Nevada,
especially at mid-elevations, high-severity fire facilitates
shrub regeneration but often hinders tree regrowth while
low- to moderate-severity fire promotes regrowth
(Collins & Roller, 2013; Crotteau et al., 2013). For WESO
in this region, patchy low- to moderate-severity fire inter-
spersed with more high-severity fire may limit any poten-
tial benefits of either resulting vegetation structure.

Low- to moderate-severity fire benefits
small forest owls

The smaller forest owls in this study, specifically WESO,
FLOW, NOPO, and NSWO, are secondary cavity nesters,
which may explain the occupancy patterns we observed
in relation to fire history. FLOW and WESO were more
likely to occupy sites burned at low to moderate severity
2–10 years following a disturbance. Low- to moderate-
severity fire reduces understory but leaves snags inter-
spersed with surviving trees (Crotteau et al., 2013).
Northern flickers (Colaptes auratus), pileated wood-
peckers (Dryocopus pileatus), sapsuckers (Sphyrapicus),

and hairy woodpeckers (Dryocopus villosus) create cavi-
ties in these standing dead trees that are suitable in size
for the secondary cavity nesters in this study (Bull &
Holthausen, 1993; Raphael & White, 1984). Standing
dead trees following fires are a source of nesting habitat
for some woodpecker species, but older burned areas can
lose their value for individuals over time (Nappi &
Drapeau, 2009; Tingley et al., 2018). Secondary cavity
nesters may take advantage of potential nesting habitat
created—and subsequently abandoned—by woodpeckers
following a fire disturbance (Duchac et al., 2021). Our
results suggest that smaller owl species may use nesting
habitat created after low- to moderate-severity burns,
indicating successional recolonization of different species
following disturbance events like fire.

Low- to moderate-severity fire may also create forag-
ing habitat by opening the understory for these small
predators to access prey. Both WESO and FLOW prey
upon insects and other arthropods, which can recover
quickly following fires (Choi, 2018). These two species
often forage by either catching insects in the air or glean-
ing insects from the needles of large conifer trees, and a
more open understory following a disturbance may facili-
tate these behaviors (Hayward & Garton, 1988;
Reynolds & Linkhart, 1987). FLOW did not have any
association with closed-canopy forest, which corroborates
prior research on the species in other mid-elevation, dry
forest ecosystems where they preferred large trees with
more open understories (Linkhart et al., 1998; Yanco &
Linkhart, 2018). WESO often hunt small mammals,
which can increase in abundance after fires (Culhane
et al., 2022). Forest regeneration 2–4 years following low-
to moderate-severity fire may create forest structures
where there is simultaneously enough understory regen-
eration for prey species to benefit from protection and
food resources and enough standing overstory for WESO
to access their prey from trees (Reid et al., 2006).

Lessons learned in acoustic surveys

Our acoustic survey program deploying 1648 ARUs
across 25,800 km2 is one of the largest acoustic monitor-
ing programs in North America and the first to quantify
the distribution of most of these species across an entire
bioregion. We were successfully able to obtain enough
detections for five of six forest owl species to examine the
effects of fire on site occupancy for a cryptic guild of
predators using a combined effort of manual validation
and automated, machine learning-based detections. How-
ever, we obtained fewer detections for NSWO than all
other species. Based on our field observations, NSWO
appeared to cease territory vocalizations earlier than the
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other small forest owl species. Our acoustic surveys may
have only overlapped the tail end of their vocalization
behaviors. Additionally, while occupancy estimates for
SPOW were derived from comprehensive and manually
validated encounter histories—and likely reflect a rea-
sonable estimate for the true proportion of sites in the
Sierra Nevada occupied by SPOW (Kelly et al., 2023)—
the five other species’ occupancy estimates may be
underestimated given our strategy to minimize false posi-
tives at the expense of potential true positives. Future
research may consider lowering the initial prediction
score thresholds and performing a comprehensive man-
ual validation of all potential detections for species of
interest.

Importance of fire heterogeneity for
diverse assemblage

Here, we found that while there is an immediate negative
impact of fire—potentially due to a loss of critical
habitat—for four of the six species in this assemblage 1–
4 years after fire, high-severity fire has apparent long-
lasting impacts on the distribution of only one species. In
fact, low- to moderate-severity fire increased occupancy
for half of this assemblage at some point in time. While
the loss of critical habitat may limit the distribution of
some species, assemblages of similar species may broadly
be more resilient to disturbance events. In a community
of bats in the Sierra Nevada, most species were more
likely to occur where severity or pyrodiversity was
higher, likely due to increased heterogeneity and access
to foraging opportunities (Steel et al., 2019). Potential
trade-offs between heterogeneity and habitat loss occur
across taxa, and while heterogeneity in burned forests
can benefit some species, there is no unequivocal evi-
dence that variation in postfire landscape characteristics,
or pyrodiversity, inherently increases biodiversity (Jones
& Tingley, 2022; Turner et al., 2013). Often, the potential
benefits of heterogeneity following fire disturbance
depend on broader ecological contexts. For example, at a
finer scale, SPOW prefer pyrodiverse areas where the sur-
rounding landscape is homogenous but avoid pyrodiverse
areas where the surrounding landscape has more hetero-
geneity in forest structure (Jones et al., 2020; Kramer
et al., 2021). Thus, there appears to be some critical
threshold for heterogeneity that can be either facilitated
by patchy fire or hindered where fire contributes to the
loss of critical habitat. Such trade-offs are likely dictated
by scale.

We examined only the proportion and patchiness of
two burn classes, and while patchier landscapes can often
be considered as more pyrodiverse (Lawes et al., 2015;

McGranahan et al., 2018; Menges & Quintana-Ascencio,
2004), our study was not adequately comprehensive to
directly examine pyrodiversity per se. Future work that
seeks to quantify the effect of pyrodiversity on this
assemblage of predators could consider trade-offs
between heterogeneity and habitat loss, which are
likely influenced by species-specific ecologies, the scale
at which animals move across the landscape, the tem-
poral dynamics of forest regeneration, and interspecific
variation in recolonization following forest fires.

The breakdown of historical fire regimes

The forest owls in the Sierra Nevada have unique associa-
tions with burned habitat, and spatiotemporal diversity
in fire severity across the landscape likely benefits this
assemblage of avian predators. Other species in this
region also show variable associations with burned habi-
tat, and understanding interspecific variation in response
to fire is necessary to conserve biodiversity in a rapidly
changing environmental context (Brunk et al., 2023;
Jones & Tingley, 2022; Taillie et al., 2018). Management
following Euro-American colonization led to a buildup of
fuels in western dry forest ecosystems, which can nega-
tively impact other bird species that rely on pulse distur-
bance processes. A combination of rising temperatures,
more variable precipitation events, and fire suppression
has created a perfect storm for massive fires that burn the
majority of live overstory (Steel et al., 2023;
Westerling, 2016). This assemblage may be threatened by
disrupted fire regimes on multiple fronts. (1) Fire sup-
pression limits the distribution of this assemblage on the
landscape; (2) novel megafires reduce the proportion of
low- to moderate-severity fire that benefits some species;
and (3) increasingly large and severe fires threaten the
persistence of SPOW.

We did not examine the effect of postfire manage-
ment on the occupancy of forest owl species because
management data across this bioregion were not yet
available. However, postfire management like salvage
logging potentially exacerbates and prolongs the negative
impacts of fire on predators by disrupting forest regenera-
tion (Jones et al., 2022; Lee et al., 2013). Most species in
this assemblage nest in dead trees, and salvage logging
may introduce persistent negative impacts of fire for spe-
cies that are otherwise resilient to high-severity fire.
Future work will examine the impact of pre- and postfire
management on this assemblage of forest owls across the
Sierra Nevada, as well as the impacts of management on
the severity and configuration of wildfire. When fire miti-
gation practices reduce habitat suitability for some spe-
cies, more nuanced and spatially explicit approaches to
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forest restoration may be necessary to preserve biodiver-
sity (Jones et al., 2022). Management that seeks to con-
serve biodiversity in the context of degrading disturbance
processes should consider interspecific variation in asso-
ciations with burned habitat and variable temporal scales
over which fire impacts habitat suitability for wildlife.
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