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Invasive predators are leading drivers of native species decline, and their impact is heaviest where they
concentrate in the habitats native species most depend on. The barred owl (Strix varia) is a generalist predator
invading old forests across western North America. Using GPS telemetry of 56 barred owls across the range of the
northern spotted owl (Strix occidentalis caurina) in northwestern California, we found consistent selection for an
old-forest axis integrating high canopy cover, tall stands, large trees, diverse tree sizes, and old age. Because
these attributes define old forest, selection concentrated owls in stands sustaining a distinctive old-forest fauna,
and disproportionately in habitat of the spotted owl, an umbrella species for this forest, peaking in its highest-
quality nesting and roosting forest. Each owl also appropriated a large area, roughly 28 times the home range
recorded in its native range, magnifying the invasion's per-individual footprint. Because habitat is defined by the
conditions permitting occupancy, pervasive barred owl presence converts structurally intact forest into func-
tional non-habitat for the spotted owl, a biotic habitat loss invisible to structure-based monitoring, while
concentrating novel predation on naive old-forest prey. Because the forest persists, removing barred owls can
restore this habitat: we estimate each territorial pair removed frees several square kilometers, though gains
require sustained control and are not spatially additive. More broadly, where an invader co-opts the structure
defining a specialist's habitat, protecting that structure is necessary but not sufficient: the specialist becomes
conservation-reliant, dependent on managing the invader itself.

extinctions, and their toll continues to mount with expanding global
trade and connectivity (Bellard et al., 2016; Pysek et al., 2020;

1. Introduction

Habitat loss and biological invasions rank among the foremost
drivers of the ongoing global biodiversity crisis, and although the two
are often studied in isolation, they increasingly act in concert. Habitat
degradation and fragmentation not only erode the native systems on
which specialists depend, but also render those systems more susceptible
to colonization and dominance by widespread generalist invaders, so
that the two pressures compound rather than simply add (Didham et al.,
2007). Invasions are, moreover, a growing driver in their own right as
alien species now rank among the leading causes of documented

Simberloff et al., 2013). Understanding how invaders reshape native
communities—and where their impacts fall most heavily—is now a
central concern of biological conservation.

The most damaging invaders are frequently competitively dominant
generalists that exploit native species lacking a shared evolutionary
history with them. Because native prey and competitors are often naive
to such novel enemies, invasive predators and competitors can depress
or displace them far more severely than ecologically similar native
counterparts (Salo et al., 2007; Sih et al., 2010). Invasive predators alone
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are implicated in the majority of recent vertebrate extinctions (Doherty
et al., 2016), and competitively superior invaders can replace ecologi-
cally similar natives across entire regions, as the introduced eastern gray
squirrel (Sciurus carolinensis) has done to the native red squirrel (Sciurus
vulgaris) across much of Britain and Italy (Gurnell et al., 2004). Criti-
cally, such impacts are rarely uniform in space—they intensify where an
invader concentrates its activity in the very habitats that native species
most depend on, aligning competitive and predatory pressure with the
areas of greatest conservation value. Anticipating these impacts there-
fore hinges on knowing where an invader settles on the landscape and
how much habitat each individual effectively appropriates.

The relative importance of these drivers varies among biomes
(Leclerc et al., 2018; Sala et al., 2000), but their combined pressure is
particularly acute in the world's remaining old-growth and late-
successional forests, which sustain a disproportionate share of forest
biodiversity yet continue to decline worldwide (Lindenmayer et al.,
2012; Watson et al., 2018). In temperate western North America, late-
successional and old-growth forests have been disproportionately
reduced by decades of industrial timber harvest, yet the remnants of
these forests support exceptional biological diversity (DellaSala et al.,
1999; Spies et al., 2018). Structurally, late-seral forests are character-
ized by high canopy closure, tall dominant trees, large-diameter stems,
diverse diameter distributions, and complex vertical layering (Franklin
et al., 2002; Spies et al., 2018). These attributes sustain a distinctive
community of associated fauna—including the northern spotted owl
(Strix occidentalis caurina), long designated as an umbrella species for
old-growth forest conservation (Thomas et al., 1990), marbled murrelets
(Brachyramphus marmoratus), fishers (Pekania pennanti), Humboldt
martens (Martes caurina humboldtensis), flying squirrels (Glaucomys
spp.), tree voles (Arborimus spp.), diverse amphibian assemblages, and
rich arthropod communities (Carey, 1995; Carey and Johnson, 1995;
Holm et al., 2016; Lattin, 1993; Lesmeister et al., 2018; Thomas et al.,
1990). Federal conservation policy in western United States, princi-
pally the Northwest Forest Plan (NWFP), was designed to protect
remaining late-seral forest, largely through the lens of spotted owl
habitat, making the fate of these forests inseparable from the species
they support (Davis et al., 2022a; Franklin et al., 2021).

The barred owl (Strix varia) is native to eastern North America but
has expanded its range westward throughout western North America
over the past century, and now represents a novel biotic threat to old-
forest ecosystems across the region (Franklin et al., 2021; Holm et al.,
2016; Long and Wolfe, 2019; Wiens et al., 2014). Range-wide passive
acoustic monitoring for northern spotted owl shows that barred owls
now occupy more than 90% of forest in Washington and Oregon, with
lower but increasing occupancy (63%) in California (Jenkins et al.,
2025). Barred owls are large-bodied, generalist predators with a
remarkably broad diet (Hamer et al., 2001; Kryshak et al., 2022; Wiens
et al., 2014). DNA metabarcoding of barred owl digestive tracts identi-
fied 78 prey types spanning mammals, amphibians, birds, reptiles, fish,
and invertebrates (Kryshak et al., 2022). Mammals composed the ma-
jority of vertebrate prey by dietary weight, but amphibians were
detected in nearly a third of individuals and reptiles in roughly a
fifth—prey groups largely absent from spotted owl diets (Kryshak et al.,
2022). This dietary breadth, combined with population densities that
can exceed those of the congeneric spotted owls they displace, has raised
concern about novel trophic cascades affecting old-forest prey commu-
nities, native competitors, and ecosystem processes (Holm et al., 2016).
Critically, if barred owls preferentially select the structural attributes of
late-seral forest, their competitive and predatory pressure would be
spatially concentrated in the areas most important for old-forest-
dependent fauna.

The northern spotted owl decline is the best-documented manifes-
tation of barred owl effects on old-forest fauna, driven by extensive
niche overlap and competitive dominance. The interaction exemplifies
the competitive exclusion principle, which holds that species cannot
permanently coexist when a competitively superior species exploits
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similar limiting resources (Gause, 1935; Lotka, 1932; MacArthur and
Levins, 1967; Volterra, 1926). Barred owls are larger, more aggres-
sive, have higher fecundity and survival, broader habitat use, and a more
generalized diet than spotted owls, and maintain smaller, more closely
spaced home ranges that support higher local densities (Long and Wolfe,
2019). These traits position barred owls as the superior competitor
wherever the two species co-occur, and indeed, spotted owl occupancy,
survival, and reproduction are consistently depressed in areas of barred
owl invasion (Franklin et al., 2021; Wiens et al., 2021). Landscape-scale
removal experiments have shown that reducing barred owl densities
triggers competitive release, stabilizing or reversing spotted owl popu-
lation declines (Diller et al., 2016; Hobart et al., 2025; Wiens et al.,
2021), and the United States' federal Barred Owl Management Strat-
egy now identifies targeted lethal removal as the cornerstone of spotted
owl recovery (USFWS, 2024). Yet this evidence documents the de-
mographic outcome of competition, not its spatial basis. What remains
less well understood is whether barred owls actually converge on the
same structural attributes of late-seral forest that spotted owls—and the
wider old-forest community—depend on, the shared dependence
through which competitive exclusion would be realized in space.

Radio-telemetry studies conducted over the past two decades in the
invaded range have consistently identified an association between bar-
red owls and older, structurally complex forest, although the specific
attributes documented vary among study areas and methods. Across
studies, barred owls selected high canopy closure and large-crowned
trees (Singleton et al., 2010), old conifer forest (Hamer et al., 2007;
Wiens et al., 2014), tall stands (Jenkins et al., 2019), and high mean
diameter and basal area of large trees (Irwin et al., 2017), while avoiding
clearcuts, young plantations, and non-forest cover types (Irwin et al.,
2017; Wiens et al., 2014). Both barred owls and spotted owls used old
conifer forest at rates far exceeding landscape availability, but barred
owls exhibited seasonal shifts in midstory density preference and
selected lower topographic positions and gentler slopes (Jenkins et al.,
2019; Singleton et al., 2010). Home range size decreased with
increasing proportion of old forest (Hamer et al., 2007; Wiens et al.,
2014). At the landscape scale, range-wide passive acoustic monitoring
has shown that barred owl occupancy is positively associated with
mature forest characteristics, including old-growth structure index and
conifer canopy cover (Jenkins et al., 2025).

Collectively, these findings indicate that barred owls in the invaded
range prefer forest with attributes characteristic of late-seral conditions,
yet no prior method has resolved individual space use with enough fi-
delity to identify which structural features each owl selects. Early radio-
telemetry studies relied on manual triangulation with limited temporal
resolution and spatial coverage, precluding fine-scale inference about
individual space use. Acoustic monitoring captures landscape-level as-
sociations but cannot resolve individual-level resource selection or
quantify the area each owl commandeers. Animal-borne GPS tags now
provide continuous, minimally biased sampling of individual space use
(McKinnon and Love, 2018; Watson et al., 2023), and, as part of a
broader transformation in animal tracking (Kays et al., 2015; Nathan
et al., 2022), can reveal which structural features an invader selects
(Alston et al., 2023; Noonan et al., 2019). Estimating individual home
range size is essential for quantifying the spatial extent of each owl's
competitive and predatory influence—the area within which it depletes
shared resources and preys upon old-forest fauna. This per-individual
sphere of influence, in turn, enables estimation of old-forests function-
ally recovered when barred owls are removed, linking habitat selection
directly to management outcomes. To our knowledge, ours is the first
study to use GPS telemetry to quantify barred owl resource selection
within the invaded range. Earlier work there resolved individual space
use with radio-telemetry (Singleton et al., 2010; Wiens et al., 2014) and
landscape-scale distribution with acoustic detection (Jenkins et al.,
2025); GPS tags have been deployed on barred owls in the region
once before, but to estimate home-range size in support of an acoustic-
monitoring design rather than to model selection (Watson et al., 2023).
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GPS tracking of the species has otherwise focused on its native range
(Clément et al., 2021; Jirinec et al., 2024).

We focus on third-order selection—the use of resources within an
established home range (Johnson, 1980)—because this is the scale at
which barred owl impact is exerted: an individual depletes prey and
displaces competitors within the forest it actually occupies and hunts.
The landscape-scale decline is a manifestation of these individual ac-
tions summed across owls, which makes within-home-range use the
mechanistic scale underlying the broader pattern. GPS locations resolve
this use at the individual level, tying each owl's selection directly to
where it presses on old-forest fauna. Where owls place those home
ranges within the landscape—second-order selection (Johnson, 1980)—
is a complementary question we do not address here; range-wide
acoustic surveys provide coarse-scale information on barred owl occu-
pancy at that extent (Jenkins et al., 2025). We first estimated individual
home range size, defining the spatial extent of each owl's competitive
and predatory influence. We then hypothesized that barred owls select
structural attributes of mature, closed-canopy forest—attributes central
to the habitat requirements of spotted owls and other old-forest-
dependent species—and that this selection generates substantial
spatial overlap with old-forest. We tested three predictions in turn. First,
we predicted that barred owls would select an integrated gradient of
late-seral forest structure. Second, we predicted that this selection would
translate into disproportionate use of mapped spotted owl habitat,
intensifying with habitat quality. Third, we predicted that individual
home ranges would encompass substantial proportions of high-quality
spotted owl habitat, consistent with extensive competitive overlap.
Beyond testing these predictions, we translated the observed overlap
into estimates of spotted owl habitat functionally recovered through
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2. Material and methods

2.1. Study area

We tracked and removed barred owls in northwestern California
(Fig. 1), within a study region that encompassed lands administered by
federal and state agencies, tribal governments, and private entities. The
area spans two major ecoregions: the Klamath Mountains and the Coast
Range (Omernik and Griffith, 2014). Topography is complex, ranging
from broad riparian corridors to steep river canyons, rugged ridgelines,
and elevations ranging from sea level along the coast to over 2000 m in
the interior mountains.

The climate is Mediterranean, characterized by wet winters and hot,
dry summers, with a strong gradient from the maritime, high-
precipitation coast to increasingly continental and seasonally dry con-
ditions inland. This environmental heterogeneity supports exceptional
biological diversity, and the Klamath-Siskiyou region has been ranked
among the most globally significant temperate forests (DellaSala et al.,
1999; Whittaker, 1960). Dominant vegetation types across the study
area include coast redwood (Sequoia sempervirens) forests, mixed-conifer
stands of douglas-fir (Pseudotsuga menziesii), tanoak (Notholithocarpus
densiflorus), pacific madrone (Arbutus mengziesii), pines (Pinus spp.), and
incense cedar (Calocedrus decurrens), as well as oak (Quercus spp.)
woodlands, montane lakes, and meadows.
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Fig. 1. (a) Home ranges (95% AKDE) for GPS-tagged barred owls (gray polygons, n = 56), and stationary GPS calibration tags (open circles, n = 6). (b) Survey grid of
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2.2. Field methods

Over a three-year period (14 August 2023 to 29 August 2025), an
area of 4070 km? was surveyed for barred owl presence by trained
personnel in tandem with an ongoing barred owl removal effort con-
ducted across the study area (Fig. 1; Hobart et al., 2025). Live-capture
for owl telemetry and removal were conducted as coordinated but
operationally separate efforts across the study area. Field crews visited
5-km? survey hexagons at night and broadcast conspecific vocalizations
to attract owls. These survey and humane-removal techniques followed
established barred owl management methods (Diller et al., 2014;
USFWS, 2024). The capture crew opportunistically attempted to live-
capture owls for tagging across the study area, whereas removal crews
independently surveyed and removed owls in areas not occupied by
active telemetry subjects.

Live-captured owls were fitted with GPS tags following Jirinec et al.
(2024). Conspecific vocalizations were broadcast to lure territorial in-
dividuals into mist nets (12 x 2.6 m; 127-mm mesh, 4 pockets) begin-
ning after local sunset. Two nets were stacked and hoisted up to 10 m
high using a Triple High Mist Net Pole System (Bat Conservation and
Management, Carlisle, Pennsylvania, USA), depending on vegetation
structure and bird behavior. Several individuals were also captured
using snare poles. Following capture, owls were hooded to reduce stress,
banded with a numerical lock-on band, and measured (wing cord, tail
length, mass). A blood sample (<1 mL) was collected via the brachial
vein with a sterile 25-gauge needle for health assessment unrelated to
this study. Sex was determined from vocalization characteristics and
morphometrics (e.g., size, presence of brood patch) and confirmed
during gross necropsy. Age of owls (both removals and live-captures)
was assessed from feather characteristics and molt limits (Pyle et al.,
1997, 2022; Weidensaul et al., 2011), and individuals were assigned into
four age classes: juveniles (FCJ), subadults in their first molt cycle (FCF),
subadults in at least their second molt cycle (M-SCB), and adults in at
least their third molt cycle (M-TCB).

We preferentially deployed tags on individuals past their first molt
cycle (M-SCB or older; >1 year), which were more likely to hold
established territories and remain range-resident within the study area.
One exception was a female (ID-55) tagged as FCF, who molted into SCB
shortly thereafter while still tagged and collecting data. Apart from three
pairs, only one individual per pair was tagged. Owls were equipped with
a tag (~20 g; PinPoint VHF-450, Lotek Wireless, Newmarket, Ontario,
Canada) ventrally reinforced with a 0.2 mm titanium plate (~0.7 g) to
reduce risk of tag damage during lethal removal of the individual. Tags
were attached with a backpack-style harness made from braided elastic
(Bierregaard, 2014; Clément et al., 2021) and programmed to record one
GPS fix every 4 h for 61 days, beginning at 00:00 GMT on the second
night following capture (~24 h post-capture). Observers remotely
downloaded location data from tags approximately every two weeks and
any additional data were retrieved from recovered after removal. This
schedule allowed for a maximum of 366 locations per bird, although
actual samples were typically lower due to failed fixes, earlier battery
depletion, or premature tag removal by the bird. Once an owl was tag-
ged, the capture crew informed removal crews and provided updated
locations as needed so that active telemetry subjects and the areas they
occupied were avoided during ongoing removal operations. After the
conclusion of the sampling schedule (typically after 61 days, though
often removal occurred later), study individuals were humanely
removed using approved methods by trained and permitted personnel
using the same established removal protocols cited above.

Calibration tags were deployed within the study area to quantify GPS
error for animal-borne locations (Fig. 1). Because GPS signal quality can
be reduced by vegetation and topography (Jiang et al., 2008; Recio
et al., 2011), we placed six stationary tags for a mean of 17.5 days
(range: 9-28) across a gradient of conditions, from valley bottoms to
ridge tops. Tags were affixed to trees at ~2 m above ground and posi-
tioned away from trunks, except for one tag placed inside a tree cavity to
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represent signal conditions induced by cavity-nesting owls.
2.3. Habitat data

2.3.1. Forest structure and topographic variables

To evaluate barred owl selection of individual forest structural at-
tributes, we obtained nine continuous vegetation variables from
gradient nearest neighbor (GNN) imputation maps (version
GNN.2023.1, 2021 imagery year) produced by the Landscape Ecology,
Modeling, Mapping, and Analysis group (Bell et al., 2023; LEMMA,
2023; Ohmann and Gregory, 2002). GNN integrates field plot data
from the Forest Inventory and Analysis program with Landsat satellite
imagery and mapped environmental data to produce forest structure and
composition layers at 30-m resolution (Bell et al., 2023). As the sole non-
structural, topographic predictor, we used a 30-m-resolution topo-
graphic wetness index (TWI) derived from a digital elevation model
using triangular multiple flow direction (Hoylman, 2021). All ten pre-
dictors are described in Table 1.

The first six GNN variables—canopy cover, diameter diversity, stand
height, large conifer density, mean tree diameter, and dominant stand
age—represent core structural attributes of forest maturity (Franklin
et al., 2002; Spies et al., 2018). The old-growth structure index (OGSI)
integrates density of large live trees, diameter diversity, large dead tree
(snag) density, and percent cover of dead wood into a composite index of
late-successional and old-growth forest conditions (Davis et al., 2015,
2022a). Snag and down wood biomass capture the dead-wood compo-
nent of old-growth structure independently of the composite index. TWI
was the sole non-structural predictor: barred owls have been associated
with riparian areas and moist lowland forest in parts of their invaded
range (Hamer et al., 2007; Jenkins et al., 2019; McGee et al., 2024;
Wiens et al., 2014), giving it the clearest prior support of any non-
structural feature for selection by this species, and, being largely inde-
pendent of the forest-structure gradient (Fig. S2), offering a reference
against which the specificity of selection for late-seral structure can be
judged.

Because GNN rasters were based on 2021 imagery and our telemetry
data extended through 2025, we updated the structural layers to account
for high-severity wildfire that occurred after the imagery date. We ob-
tained burn severity maps for 2022-2024 from the Monitoring Trends in
Burn Severity program (MTBS; www.mtbs.gov) and reclassified pixels
burned at the highest severity class to zero for all nine GNN variables,
reflecting the loss of forest structure in those areas. Non-forest pixels in
the GNN rasters (coded as —1) were converted to zero prior to analysis.
All ten predictors were then standardized (mean-centered and divided
by one standard deviation) across the study area extent to enable com-
parison of selection coefficients on a common scale.

2.3.2. Spotted owl habitat layers

We used two spotted-owl-specific datasets in our selection analyses
(Table 1). First, we used a landcover model of forest structure and
composition used by northern spotted owls for nesting and roosting
(hereafter “NR” forest; Davis et al., 2016, 2022b). The structural ele-
ments underlying this model included density of live large conifers,
conifer canopy cover, mean conifer diameter, diameter diversity, and
stand height. Species compositional elements included percentage of
total stand basal area comprised of (and grouped by) pine, oak, subal-
pine, evergreen hardwoods, and redwoods. The NR forest layer classi-
fied forest into four categories: (1) unsuitable, (2) marginal, (3) suitable,
and (4) highly suitable, representing increasing quality of forest struc-
ture and composition for spotted owl nesting and roosting, and thus
habitat components important for spotted owl persistence. Secondly, we
used a binary habitat/non-habitat layer (hereafter “NSO habitat” layer)
modeled from environmental predictors related to the amount and
spatial pattern of NR forests at multiple spatial scales, topography, and
climate. Both models were trained and tested on 2809 northern spotted
owl nest and pair day-roost locations collected circa 1993 (Davis et al.,
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Table 1
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Predictors used in resource selection function (RSF) analyses of barred owl habitat selection in northwestern California. Forest structure variables were obtained from
gradient nearest neighbor (GNN) imputation maps (Bell et al., 2023; LEMMA, 2023). The a priori predicted direction of barred owl selection is shown for each

predictor.
Predictor Abbreviation  Units Resolution  Type Prediction  Description
Forest structure
Canopy cover CANCOV % 30 m Continuous  + Canopy cover of all live trees
Diameter diversity DDI index 30 m Continuous  + Structural diversity based on live tree densities across diameter classes; higher
index values indicate multistoried stands
Stand height STNDHGT m 30 m Continuous  + Mean height of dominant and codominant trees
Large conifer density = TPHC_GE_50 trees 30 m Continuous  + Density of live conifers >50 cm DBH
ha™!
Mean tree diameter MNDBHBA cm 30 m Continuous  + Basal-area-weighted mean diameter of all live trees
Dominant stand age AGE_DOM years 30m Continuous  + Basal-area-weighted mean age of dominant and codominant trees
Old-growth OGSI index 30m Continuous  + Composite index integrating large live tree density, tree size diversity, large snag
structure index density, and down wood cover (Davis et al., 2022a)
Snag biomass SBPH_GE_25 kg ha! 30 m Continuous  + Biomass of snags >25 cm DBH and >2 m tall
Down wood biomass  DBPH_GE_25 kg ha™! 30 m Continuous  + Biomass of down wood >25 cm diameter at large end and >3 m long
Topography
Topographic TWI index 30 m Continuous ~ + Tendency of a site to accumulate water based on upslope contributing area and
wetness index local slope (Hoylman, 2021)
NSO habitat layers
NSO habitat - binary 100 m Categorical ~ + Landscape-scale habitat suitability modeled from environmental predictors (
Glenn et al., 2017; 2024 version)
NR forest suitability - 4 classes 30 m Categorical — + Nesting and roosting forest classified as unsuitable, marginal, suitable, or highly

suitable (Davis et al., 2016, 2022b; 2024 version)

2016; Glenn et al., 2017). The year 1993 was chosen because barred
owls were still relatively uncommon, minimizing potential bias from
interspecific competition in habitat selection (Dugger et al., 2016).
Models were generated separately within physiographic modeling re-
gions across the northern spotted owl range (Davis et al., 2016), so the
layers applied to our study area were parametrized with local data.
These models are projected to more recent environmental conditions
and annually updated; we used the 2024 versions to align with the bulk
of our telemetry data (Table S1). Across the northern spotted owl range,
these layers best represent the suite of resources and conditions that
support spotted owl occupancy (Hall et al., 1997; Krausman and
Morrison, 2016; Lesmeister et al., 2018).

The NSO habitat layer is built at 100-m resolution, representing
broader landscape-scale potential for occupancy, whereas the NR forest
layer operates at 30-m resolution, capturing finer-scale variation in
forest structure quality for nesting and roosting. The two layers together
provide complementary perspectives on the degree to which barred owl
space use overlaps with conditions important for spotted owls.

2.4. Analytical approach

We processed and analyzed barred owl telemetry data in R package
ctmm v1.3.0 (Calabrese et al., 2016), a continuous-time movement-
modeling framework that represents GPS location error and temporal
autocorrelation explicitly. Calibration data from stationary tags (Section
2.2) indicated that topography substantially influenced GPS accuracy
and occasionally produced outliers of up to several kilometers. Because
unmodeled location error can bias inference if not properly addressed
(Fleming et al., 2021), we implemented standardized filtering criteria
based on spatial displacement, estimated speeds, and dilution of preci-
sion (DOP) values for each individual. Specifically, we removed GPS
fixes that met any of the following thresholds: a) DOP > 20, b) distance
from the geometric median of all locations for that individual > 5
standard deviations above the mean, c) distance from the geometric
median > 99th percentile, or d) minimum speed required to explain
successive locations > 10 standard deviations above the mean. Although
heuristic, these criteria yielded a deliberately conservative estimate of
barred owl space use and thus overlap with spotted owl habitat. The
curated location dataset was used for both home range and habitat se-
lection analyses.

2.4.1. Home range estimation

Home range areas were based on autocorrelated kernel density es-
timates (AKDE; Fleming and Calabrese, 2017, Noonan et al., 2019)
implemented via the workflow described by Calabrese et al. (2016).
First, to account for location error, we calibrated the curated dataset
with information from all six stationary loggers following the framework
of Fleming et al. (2021). Calibration data were first filtered using the
same criteria applied to bird-borne data for consistency. Second, for
each individual owl we used the ctmm select() function to compare a
candidate set of movement models (Calabrese et al., 2016). The candi-
date set included isotropic and anisotropic Ornstein-Uhlenbeck (OU)
models (Dunn and Gipson, 1977; Uhlenbeck and Ornstein, 1930),
Ornstein-Uhlenbeck foraging (OUF) models and a constrained OUF
variant with identical position and velocity autocorrelation timescales
(Fleming et al., 2014), a central-place foraging model (Fleming et al.,
2015), and an independently and identically distributed (IID) model
representing no autocorrelation. We selected the best-supported move-
ment model for each individual (Burnham and Anderson, 2004). Third,
we estimated home ranges with AKDE using the selected movement
model and enabled ctmm's optimal temporal weighting, which adjusts
for irregular sampling intervals among fixes (Fleming and Calabrese,
2017; Noonan et al., 2019). Home ranges were based on the 95%
AKDE contour and group-level home range size estimates (all in-
dividuals, sex) were obtained using a hierarchical meta-analytic
framework that propagates uncertainty, implemented with the mean()
function in ctmm (Fleming et al., 2022). AKDE requires range-resident
movement (Calabrese et al., 2016). One owl (ID-55) undertook a brief
foray (~15 km from its normal area for 4 days) before returning. We
censored this 4-day bout prior to model fitting to satisfy the range-
residency assumption.

For comparability with earlier barred owl telemetry studies that re-
ported minimum convex polygon (MCP) and fixed-kernel density esti-
mates (KDE; using reference bandwidth), we also estimated 100% MCP,
95% fixed-kernel density (KDE, reference bandwidth), and 95% adap-
tive local convex hull (LoCoH; Getz et al., 2007) home ranges from the
same filtered locations in R package adehabitatHR v0.4.22, selecting per
individual the smallest adaptive parameter that yielded a hole-free 95%
isopleth. These conventional IID estimators were used only for com-
parison and were not used for inference.
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2.4.2. Habitat selection

We examined third-order selection (Johnson, 1980) using resource
selection functions (RSFs) following the autocorrelation-informed
workflow of Alston et al. (2023). RSFs contrasted used (observed) lo-
cations against availability defined by each individual's 95% AKDE
utilization distribution. This approach accounts for temporal autocor-
relation while minimizing pseudoreplication and bias in selection
inference. Individual RSFs were fit with small-sample bias correction,
then combined into population-level coefficients as described below.

To evaluate barred owl selection of forest structure, we first screened
the ten standardized predictors (Table 1) for collinearity. On a uniform
100-m lattice within each barred owl's 95% AKDE home range, we
computed a Spearman correlation matrix (Fig. S2) and variance inflation
factors (VIF). The nine forest-structure attributes were strongly inter-
correlated (many |p| > 0.5; VIF up to 18.6), whereas topographic
wetness was effectively independent (|p| < 0.07). Because fitting the
correlated attributes together produced unstable, mutually suppressed
coefficients (Fig. S4), we did not interpret multivariate structural models
and instead summarized structural selection with a single composite axis
(below).

To build that axis, we reduced the nine attributes to their first
principal component—an old-forest axis—with the prcomp() function in
base R on centered and scaled predictors, oriented so that higher values
denote more mature forest (Fig. 3). This axis was near-identical whether
derived within home ranges or across the study region (Tucker's
congruence coefficient ~ 1; Fig. S3), indicating it reflects the forest
rather than where owls settled. We used the axis as our primary struc-
tural predictor and retained topographic wetness as an independent
control; because the structural attributes are collinear (Fig. S2), the per-
attribute univariate RSFs decompose this axis rather than provide in-
dependent effects.

Population-level coefficients were obtained with the same hierar-
chical meta-analytic estimator used for home ranges, implemented with
the mean() function in ctmm (Fleming et al., 2022). This estimator
propagates each owl's uncertainty and among-individual variation
rather than naively averaging point estimates. As an independent check
using a modeling framework that accounts for individual variation
differently, we also fit the RSFs as weighted logistic mixed models with
per-owl random intercepts and slopes (Muff et al., 2020).

To examine whether barred owl selection of forest structure trans-
lates into disproportionate use of mapped spotted owl habitat, we fit
RSFs using the NSO habitat and NR forest layers described in Section
2.3.2 (Table 1). For the NSO habitat layer, we collapsed its unsuitable
and non-forest classes into a single non-habitat category to allow a bi-
nary habitat/non-habitat contrast. For the NR forest layer, we recoded
the four suitability classes into separate binary indicator rasters and fit
them jointly, so each class coefficient reflects selection for that class
relative to all other cover on the landscape, including non-forest.

To scale habitat release estimates, we multiplied the telemetry-
derived mean area of NSO habitat and NR forest contained within a
barred owl home range by the number of removals most likely to
represent established, range-resident birds. Because removal tallies also
include females and younger birds—some of which may be non-resident
dispersers and floaters—we restricted scaling to removed males > M-
SCB (i.e., beyond the first molt cycle). This choice is conservative
because it credits habitat release only to this subset, despite additional
removals of females and younger birds that may also reduce competitive
pressure within the same areas.

In addition to the additive scaling estimate, we quantified the unique
spatial footprint of removals over the study interval. For removed males
> M-SCB, we created equal-area circular buffers centered on each
removal location with area set to the mean home range size, dissolved
overlapping buffers, and calculated the union area. This metric provides
a conservative index of the non-additive area potentially affected by
removals given clustered effort and repeated removals in the same lo-
cations over multiple years.
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3. Results

We GPS-tagged 58 barred owls during a focal removal effort within a
region where several partners have carried out barred owl removals for
spotted owl conservation (Hobart et al., 2025). Of these tagged in-
dividuals, one owl was never detected again after capture and release.
We adopted a minimum threshold of 10 tracking days for inclusion in
analyses; one individual did not meet this criterion because its tag failed
before 10 days, leaving 56 owls (~5% of all owls removed during the
study interval) for analysis (Table S1). Tags were programmed for 61-
day deployments, but some yielded shorter intervals because of earlier
battery depletion, premature detachment by birds, or tags remaining on
unrecovered birds at the time of analysis. Owls meeting the >10-day
threshold were monitored for a mean of 56.0 days (range: 12-61) and
provided a mean of 294.7 locations (range: 48-356) after outlier
filtering. Calibration data from stationary tags indicated a mean hori-
zontal location error of 47.2 m (95% CI = 45.0-49.4 m), well above the
few-meter error often assumed for GPS telemetry and large enough to
bias space-use estimates if not explicitly modeled (Fleming et al., 2021).

Barred owl home range size varied by individual but not by sex
(Fig. 2). Mean home range area was 6.7 km? (95% CI = 5.1-8.9 kmz)
overall, 7.2 km? (5.4-9.3 km?) for males, and 6.2 km? (3.8-9.7 kmz) for
females. The smallest home range estimate was 0.2 km? and the largest
29.1 km?. For comparability with earlier studies, mean 95% KDE, 100%
MCP, and 95% LoCoH home range areas were 7.9, 9.9, and 3.7 km?,
respectively (Table S2).

3.1. Barred owl selection of forest structural attributes

Barred owls showed consistent positive selection for structural at-
tributes associated with forest maturity (Fig. 3). Barred owls selected the
old-forest axis (PC1)—a single maturity gradient summarizing the nine
intercorrelated structural attributes—more than expected from avail-
ability (f = 0.125, 95% CI = 0.066-0.184). Projecting this relationship
across the California portion of the spotted owl range illustrates where
old-forest structure, and thus predicted barred owl use, is concentrated
(Fig. 4). Because the structural predictors were strongly collinear
(Section 2.4.2), this axis provides the clearest single-model summary of
structural selection; decomposing it into univariate RSFs showed that
selection was broad rather than driven by any single feature. Six of the
nine structural variables had positive coefficients with 95% confidence
intervals that excluded zero: canopy cover (8 = 0.147, 95% CI =
0.071-0.223), diameter diversity index (f = 0.123, 95% CI =
0.063-0.182), stand height (f = 0.122, 95% CI = 0.059-0.185), large
conifer density (f = 0.115, 95% CI = 0.053-0.177), mean tree diameter
(#=0.090, 95% CI = 0.034-0.146), and dominant stand age (# = 0.075,
95% CI = 0.026-0.125). Selection coefficients for the remaining three
GNN variables—old-growth structure index (8 = 0.060, 95% CI =
—0.005-0.126), snag biomass ($ = 0.049, 95% CI = —0.004-0.103), and
down wood biomass (# = 0.024, 95% CI = —0.009-0.057)—were pos-
itive but had confidence intervals overlapping zero. The topographic
wetness index, which loaded independently of the old-forest axis,
showed no evidence of selection (f = —0.008, 95% CI = —0.088-0.072).
A mixed-model robustness check with per-owl random intercepts and
slopes (Muff et al., 2020) recovered the same direction and gradient of
selection (Figs. S4-S6).

3.2. Barred owl selection of spotted owl habitat

Barred owls selected spotted owl habitat more than expected based
on availability (f = 0.266, 95% CI = 0.064-0.469; Fig. 5), corresponding
to an intensity ratio of 1.30 (95% CI = 1.07-1.60). Thus, barred owls
used mapped spotted owl habitat about 30% more intensively than non-
habitat across the landscape, consistent with disproportionate space use
of spotted owl habitat.

Across the landscape, barred owls showed a consistent increase in
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Fig. 2. Individual and population-level home range estimates of GPS-tagged
barred owls in northwestern California, USA. Autocorrelated kernel density
estimate (95% AKDE) home range areas (km?) are shown for each tagged
barred owl (black points + 95% CI). The bottom row denotes the overall mean
(£95% CI) across all individuals: 6.7 km? (5.1-8.9). Group-level means were
7.2 km? (5.4-9.3) for males and 6.2 km? (3.8-9.7) for females.

selection strength from unsuitable to highly suitable spotted owl NR
forest classes. Estimated intensity ratios were 0.84 for unsuitable forest,
1.27 for marginal forest, 1.46 for suitable forest, and 1.52 for highly
suitable forest, all relative to the mixed baseline that included non-forest
(Fig. 5). The coefficient for highly suitable forest was strongly positive
(8 = 0.421, 95% CI = 0.139-0.703), corresponding to an intensity ratio
of 1.52 (95% CI = 1.15-2.02), indicating roughly 50% greater use than
the landscape baseline.

3.3. Spotted owl habitat within barred owl home ranges

Barred owl home ranges contained substantial amounts of northern
spotted owl habitat and NR forest (Fig. 6). Specifically, the 56 barred
owls with available home ranges contained collectively 214.4 km? of
spotted owl habitat, and 98.3 km?, 71.9 km?, 71.1 km?, 131.7 km? of
unsuitable, marginal, suitable, and highly suitable NR forests, respec-
tively. The average area of spotted owl habitat within barred owl home
ranges was 3.83 km?, and 1.28 km?, 1.27 km?, 2.35 km? of marginal,
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suitable, and highly suitable NR forests, respectively (Table S1). This
translated into 64% of the average barred owl home range comprising
spotted owl habitat, and 20%, 20%, and 38% for marginal, suitable, and
highly suitable NR forests, respectively.

A total of 1171 barred owls were removed from the study area during
the study interval. This included 619 males and 547 females; sex was
unknown for 5 individuals. Age classes included 9 FCJ (juveniles), 190
FCF (subadults), 293 M-SCB (older subadults), and 676 M-TCB (adults);
age was unknown for 3 individuals.

For habitat availability scaling, we focused on removed males > M-
SCB (n = 489) as the subset most likely to represent established, terri-
torial birds. We multiplied this count by the mean area of spotted owl
habitat contained within a barred owl home range (3.83 kmz; Table S1).
This yields an estimated 1873 km? of spotted owl habitat made available
for potential spotted owl recolonization. Applying the same approach to
NR forest yielded 628 km? of marginal, 621 km? of suitable, and 1149
km? of highly suitable NR forest made available by removals.

Because removals were spatially clustered and occurred over multi-
ple years, the habitat-release totals above are not strictly additive in
space. The dissolved equal-area buffer footprint of removed males (>M-
SCB; see Methods) yielded a unique spatial extent of 1851 km?—about
57% of the naive additive footprint (489 x 6.7 = 3276 kmz)—high—
lighting that many removals occurred in the same areas as barred owls
recolonized.

4. Discussion

Invasive barred owls in northwestern California select the structural
hallmarks of old forest strongly and consistently, and that single result
carries a substantial consequence. Selection loaded on a single gradient
of forest maturity—an old-forest axis—and intensified toward the
highest-quality forest, concentrating each owl's pressure in the most
structurally developed stands on the landscape. To quantify what that
concentration means for the fauna these forests support, we used the
northern spotted owl as a mapped lens: its habitat layers are built from
the same structural gradients barred owls selected, and it has long
served as an umbrella species for this forest type (Thomas et al., 1990).
Seen through that lens, barred owls disproportionately used spotted owl
habitat—most strongly its highest-quality class, which formed the single
largest component of the average home range. By tracking individuals
with GPS and modeling space use with explicit accounting for location
error, we resolved the spatial mechanism behind the barred owl's
competitive exclusion of spotted owls and translated it into a quantity
managers can act on: the area of functional spotted owl habitat
reclaimed when a resident barred owl pair is removed. And because the
spotted owl is an umbrella for a wider old-forest community, the pres-
sure a large-bodied generalist exerts in this forest plausibly extends
beyond spotted owls to co-occurring old-forest species—through pre-
dation as much as competition—an implication our habitat-based results
point to but do not directly measure.

4.1. Selection for old-forest structure

Barred owls selected the structural attributes of mature, closed-
canopy forest, as we predicted. Selection loaded on a coherent old-
forest axis, and decomposing that axis showed the response was broad
rather than driven by any single feature, with nine of ten attributes
positive and six of them individually significant (Fig. 3). Canopy cover,
diameter diversity, stand height, large-conifer density, mean tree
diameter, and stand age all excluded zero. This directionality corrobo-
rates and extends earlier radio-telemetry studies that linked barred owls
to old conifer forest, large trees, and tall stands (Hamer et al., 2007;
Irwin et al., 2017; Jenkins et al., 2019; Wiens et al., 2014), but resolves
the response as selection for the living architecture of late-seral forest.
The three attributes describing dead wood and decay were positive but
non-significant. As sit-and-wait predators that hunt from elevated
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Fig. 3. Forest structure of the barred owl selection space, summarized by a single old-forest axis. (a) Principal component analysis (PCA) of all 10 forest-structure and
topographic predictors and (b) of the 9 forest-structure predictors alone (topographic wetness index, TWI, excluded), each shown as a biplot of the first two
components. Arrows are predictor loadings and shaded by their loading on the first component (PC1). PC1 is the “old-forest axis,” on which positive values
correspond to older, taller, more structurally complex forest; it explains 53% of the variance among all predictors and 58% among the structural predictors alone, and
TWI loads roughly orthogonally to the old-forest cluster. (c) PC1 loadings for each predictor, ordered by loading. (d) Univariate selection coefficients (+95% CI) for
each predictor, each from an independent single-predictor RSF fitted to a standardized predictor layer. Barred owls showed consistent positive selection for predictors

associated with late-successional forest structure and for the old-forest axis.

perches, barred owls plausibly respond to the vertical space and prey
base that tall, large-diameter, structurally diverse stands provide rather
than to decay elements per se (Bierregaard et al., 2025; Wiens et al.,
2014). Large-diameter trees supply the cavities they nest in, and high
canopy closure with tall, multi-layered stands creates the sheltered,
structurally complex setting that conceals a hunting owl and sustains its
prey (Sillett and Van Pelt, 2007; Spickler et al., 2006). Dead wood also
adds to that complexity and supports prey (Carey, 1995), so the weaker
dead-wood signal more likely reflects owls tracking the living scaffold of
the forest than indifference to decay. The old-growth structure index
illustrates the point, as this composite of live- and dead-structure ele-
ments returned only an intermediate, non-significant coefficient,
consistent with strong selection for its live-structure components offset

by a weak dead-wood signal, though we cannot fully separate biology
from the lower mapping accuracy of dead-wood layers (Bell et al.,
2023).

4.2. Overlap with spotted owl habitat and the old-forest community

This structural selection scaled up, as predicted, to disproportionate
use of mapped spotted owl habitat, with intensity rising across nesting
and roosting suitability classes and peaking in the highest-quality forest
(Fig. 5). Because those layers are built from the same structural gradi-
ents the old-forest axis captures (Davis et al., 2016; Lesmeister et al.,
2018), the overlap is a predictable consequence of shared dependence
on late-seral structure, and it matches range-wide occupancy patterns
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Fig. 4. Predicted relative probability of use by barred owls along the old-forest
structural axis (PC1). The univariate selection relationship (Fig. 3d), fitted
within the surveyed study area (Fig. 1), is projected here across the California
portion of the northern spotted owl range. Barred owl use increased with old-
forest structure—the tall, old, structurally complex forest that supports a
suite of old-forest-associated species. The mapped surface is aggregated and
Gaussian-smoothed for display; all analyses used the native 30-m resolution.

(Jenkins et al., 2025) and territory-scale evidence that barred owl
presence raises spotted owl extinction risk (Yackulic et al., 2019). Our
data give this competition a spatial signature, as barred owls have co-
opted much of the forest most important for spotted owl persistence.
Spotted owl survival, the dominant driver of population growth rate, is
most tightly tied to nesting and roosting forest in the territory core,
whereas reproduction depends more on landscape heterogeneity, with
the highest-fitness territories interleaving older forest and roughly 40%
other vegetation types (Dugger et al., 2005; Franklin et al., 2000; Olson
et al., 2005). Because barred owls selected most strongly for exactly this
high-quality nesting and roosting forest, their competitive displacement
of spotted owls from it poses an acute demographic threat—one that
helps explain why spotted owls keep declining even as structural nesting
and roosting forest holds steady or increases on federal lands (Davis
et al., 2022b; Franklin et al., 2021).

Individual home ranges bore this out. On average, 64% of a barred
owl's home range was spotted owl habitat and 38% was the highest-
quality nesting and roosting forest, about twice the share of lower-
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quality classes (Fig. 6). Each territorial owl therefore concentrates its
competitive and predatory influence within the best remaining old for-
est, and the consequences reach beyond spotted owls. Because the at-
tributes barred owls select also define habitat for the wider old-forest
community (Carey, 1995; Franklin et al., 2002; Lesmeister et al., 2018;
Thomas et al., 1990), and because barred owls are dietary generalists
that take flying squirrels, tree voles, woodrats, salamanders, and small
carnivores at densities several times those of the owls they displace
(Kryshak et al., 2022; Wiens et al., 2014, 2021), their space use con-
centrates novel predation pressure where old-forest prey communities
are richest, with the potential to propagate into trophic cascades and
altered ecosystem processes (Holm et al., 2016). Many of these prey,
including amphibians, reptiles, and small carnivores such as western
spotted skunks (Tosa et al., 2022), are rare or absent in spotted owl diets
and have no evolutionary experience of an avian predator hunting old
forest at these densities (Kryshak et al., 2022; Sih et al., 2010), and small
mammals such as flying squirrels and tree voles are themselves
ecological linchpins that disperse mycorrhizal fungi and cycle nutrients
essential to forest regeneration. Concentrated predation on such species
is precisely the kind of top-down perturbation known to cascade through
communities and ecosystem processes (Estes et al., 2011), so the stakes
of this invasion extend well beyond a single competitor to the integrity
of the old-forest community itself.

4.3. Home-range size and the footprint of invasion

A defining feature of these home ranges is their size in the invaded
range. The mean of 6.7 km? is roughly 28 times the 0.24 km? we
recorded for barred owls in their native range in Louisiana using the
same continuous-time movement framework (Jirinec et al., 2024), a gap
consistent with the general expansion of space requirements as resources
thin toward higher latitudes. Because both estimates arise from the same
analytical approach, the contrast is directly comparable, and its meaning
is more than ecological. Each territorial owl in the invaded range con-
centrates its competitive and predatory influence over an area more than
an order of magnitude larger than a conspecific holds at home, magni-
fying the per-individual footprint of the invasion across the old forest
that spotted owls and other specialists depend on. Autocorrelated kernel
density estimation propagated the calibrated location error—modeled
for each fix from its GPS precision and averaging ~47 m—through
each owl's fitted movement model, yet the resulting home ranges were
smaller than the conventional, error-agnostic estimators most compa-
rable to earlier barred owl studies (95% fixed-kernel KDE and 100%
MCP; Table S2, Fig. S1). This confirms that accounting for error and
autocorrelation did not inflate home-range size.

4.4. Limitations

Several limitations qualify these inferences. We relied on modeled
spotted owl habitat layers and imputation-based structural maps, which
simplify ecological complexity but remain the standard tools for spotted
owl recovery planning, and selection was consistent across indepen-
dently derived structural metrics (Bell et al., 2023). GPS error was
substantial (~47 m; Table S3) and biased against detecting the very
features the owls selected, because dense canopy and steep drainages
both degrade GPS performance and characterize the forest these owls
use, making our selection estimates conservative (Alston et al., 2023;
Fleming et al., 2021). Because the structural predictors were too
collinear to separate cleanly, our primary structural inference rests on
the old-forest axis rather than on individual attributes, which should be
read as a decomposition of a shared maturity gradient rather than as
independent effects. Finally, the absence of topographic-wetness selec-
tion contrasts with northern study areas where barred owls favored
lower elevations, gentler slopes, and stream margins (Hamer et al.,
2007; Jenkins et al., 2019; McGee et al., 2026; Wiens et al., 2014),
though it aligns with the lack of a stream effect reported elsewhere
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Fig. 5. Barred owl resource selection in relation to northern spotted owl (NSO) habitat—one old-forest-associated species for which suitable habitat is mapped across
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(d) NR forest. Barred owls selected NSO habitat overall, and selection increased across NR classes toward highly suitable forest. The maps in (c) and (d) are
aggregated and smoothed for display at the grain of Fig. 4; coefficients were estimated from the native 30-m layers.
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(Irwin et al., 2017; Singleton et al., 2010). In the steep, dissected Kla- 4.5. Functional habitat loss and the case for sustained management

math terrain of our study area, riparian bottoms are narrow and spatially

constrained, which may blunt how sharply topographic wetness differ- Our results reframe what habitat means for spotted owls. Under the
entiates barred owl space use rather than signaling indifference to moist ecological definition of habitat as the resources and conditions that
sites. produce occupancy (Hall et al., 1997; Krausman and Morrison, 2016),
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much structurally suitable forest no longer functions as spotted owl
habitat, because barred owls actively prevent occupancy, a biotic form
of habitat loss that structure-based monitoring cannot see. This
distinction carries practical weight, because under the U.S. Endangered
Species Act the designation of habitat shapes where protections apply
and how recovery is judged, so a widening gap between mapped
structural habitat and forest that can actually support occupancy has
direct management consequences. The situation also differs fundamen-
tally from classically unoccupied habitat, where a species is simply too
sparse to fill every suitable area (Hall et al., 1997), because here occu-
pancy is actively suppressed by a competitor even where the forest re-
mains intact, a reading anticipated by early recognition that monitoring
maps depict potentially occupied habitat (Davis and Lint, 2005). Pro-
tecting forest structure, the central mechanism of the Northwest Forest
Plan, is therefore necessary but not sufficient. Where barred owls are
removed and structure persists, our results and previous evidence sug-
gest this suppressed carrying capacity can rebound. With barred owls
now occupying about 87% of forest-capable lands across the range
(Jenkins et al., 2025), the area that can actually support spotted owls is
far smaller than structural metrics imply. The corollary, however, is
hopeful. Because the forest itself remains, removing barred owls should
restore functional habitat. A spotted owl territory is not freed while
either resident barred owl remains, so this recovery follows removal of
the pair, which vacates on average an estimated 3.83 km? of spotted owl
habitat (Table S1). Since we could not determine how many of the
removed birds formed pairs, we scaled release conservatively by the
number of removed territorial males (Section 3.3), yielding on the order
of 1873 km? reclaimed in additive terms, in line with experiments where
sustained removal stabilizes or reverses spotted owl declines and with
the federal strategy that makes targeted removal the cornerstone of re-
covery (Diller et al., 2016; USFWS, 2024; Wiens et al., 2021).

These gains, however, are neither permanent nor spatially additive.
Because barred owls recolonize quickly and removals cluster in the same
places over time, the reclaimed area is not strictly additive, and an
equal-area footprint of the removed territorial males spanned roughly
1850 km?, about 57% of the 3276 km? expected had their home ranges
not overlapped. Recovery will therefore hinge on sustained removal
targeted where the highest-quality forest and the strongest barred owl
selection coincide, which should maximize the habitat reclaimed per
owl removed. Co-occurrence models built to guide barred owl man-
agement point the same way (Srivastava et al., 2026), and the practical
case for sustained lethal control has been argued in detail (Dumbacher
and Franklin, 2025). Because barred owls occupy the same old forest
that supports the broader late-seral community, this management may
also relieve predation and competitive pressure on other old-forest
species, a co-benefit that remains to be tested directly.

4.6. Conservation where habitat loss and invasion coincide

More broadly, our findings speak to a challenge that recurs wherever
habitat loss and biological invasion coincide, the two most pervasive
drivers of the biodiversity crisis, and drivers that increasingly act in
concert rather than in isolation (Didham et al., 2007; Pysek et al., 2020).
Invaders are damaging in part because they can outcompete or displace
ecologically similar natives through competitive exclusion and niche
displacement (Mooney and Cleland, 2001), and because native prey and
competitors are often naive to enemies with which they share no
evolutionary history (Salo et al., 2007; Sih et al., 2010). Alien species
now figure in far more recent extinctions than native ones (Bellard et al.,
2016; Blackburn et al., 2019), and their harm is greatest not when they
merely occur within valuable native habitat but when they concentrate
there, aligning competitive and predatory pressure with the areas of
highest conservation value. The barred owl joins a broad set of such
cases. The introduced eastern gray squirrel has replaced the native red
squirrel across much of Britain and Italy (Gurnell et al., 2004), invasive
Pacific lionfish have risen to nearly 40% of predator biomass on some
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Atlantic reefs, driving native prey-fish declines exceeding 60% and
reducing native reef-fish recruitment by roughly 79% in controlled ex-
periments (Albins and Hixon, 2008; Green et al., 2012), and introduced
generalist predators have erased naive endemics across oceanic islands
(Doherty et al., 2016). In each, a competitively superior generalist
concentrates novel pressure on communities with little defense against
it, a form of apex-level disruption increasingly recognized as a pervasive
driver of ecological change (Estes et al., 2011).

The cautionary lesson from our system is that protecting habitat
structure cannot, by itself, conserve species threatened by such invaders.
Because barred owls select the very structure that defines spotted owl
habitat, structurally intact forest can remain fully suitable on the map
yet be biologically unavailable in practice, a form of functional habitat
loss that vegetation-based monitoring does not capture. Where habitat
degradation and a spreading competitor coincide, habitat set-asides risk
becoming empty refuges, and the native specialist becomes a
conservation-reliant species, dependent on continuing management of
the biotic threat rather than on habitat protection alone (Scott et al.,
2010). Conserving specialists under invasion therefore requires antici-
pating where an invader will concentrate its impact and sustaining
management there, an effort that may prove as central to their persis-
tence as protecting the habitat itself.
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