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ABSTRACT

Predator—prey interactions can be profoundly influenced by vegetation conditions, particularly when predator and prey prefer different habitats.
Although such interactions have proven challenging to study for small and cryptic predators, recent methodological advances substantially improve
opportunities for understanding how vegetation influences prey acquisition and strengthen conservation planning for this group. The California
Spotted Owl (Strix occidentalis occidentalis) is well known as an old-forest species of conservation concern, but whose primary prey in many
regions—woodrats (Neotoma spp.)—occurs in a broad range of vegetation conditions. Here, we used high-resolution GPS tracking coupled with
nest video monitoring to test the hypothesis that prey capture rates vary as a function of vegetation structure and heterogeneity, with emergent,
reproductive consequences for Spotted Owls in Southern California. Foraging owls were more successful capturing prey, including woodrats, in
taller multilayered forests, in areas with higher heterogeneity in vegetation types, and near forest-chapparal edges. Consistent with these findings,
Spotted Owls delivered prey items more frequently to nests in territories with greater heterogeneity in vegetation types and delivered prey biomass
at a higher rate in territories with more forest-chaparral edge. Spotted Owls had higher reproductive success in territories with higher mean canopy
cover, taller trees, and more shrubby vegetation. Collectively, our results provide additional and compelling evidence that a mosaic of large tree
forest with complex canopy and shrubby vegetation increases access to prey with potential reproductive benefits to Spotted Owls in landscapes
where woodrats are a primary prey item. We suggest that forest management activities that enhance forest structure and vegetation heterogeneity
could help curb declining Spotted Owl populations while promoting resilient ecosystems in some regions.
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LAY SUMMARY

e |dentifying where prey is captured can help understand high-quality hunting habitat for predators but is very difficult to do for small cryptic
predators.

e \We combined high-resolution GPS and camera technology to examine how vegetation conditions influence prey capture, delivery rate, and
reproductive success for a small nocturnal predator, the Spotted Owl (Strix occidentalis occidentalis).

e Spotted Owl prey captures increased with heterogeneous vegetation, larger trees, complex multilayered canopies, and more forest-chaparral

edge. Prey delivery increased with more cover type heterogeneity and forest-chaparral edge.

Spotted Owl reproductive success was higher in territories having taller canopies, greater canopy cover, and more shrubby vegetation.

e Forest management activities that increase the number of large trees, promote multilayered canopies, and enhance vegetative heterogeneity
are likely to benefit Spotted Owls.

Los bosques altos y heterogéneos mejoran la captura de presas, la entrega a los polluelos y el
éxito reproductivo de Strix occidentalis en el sur de California
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RESUMEN

Las interacciones depredador-presa pueden verse profundamente influenciadas por las condiciones de la vegetacion, particularmente cuando
el depredador y la presa prefieren diferentes héabitats. Aunque tales interacciones han demostrado ser dificiles de estudiar para depredadores
pequenos y cripticos, los avances metodolégicos recientes mejoran sustancialmente las oportunidades para comprender como la vegetacion
influye en la adquisicion de presas y para fortalecer la planificacion de la conservacion de este grupo. Strix occidentalis occidentalis es bien
conocida como una especie de bosque maduro de interés para la conservacion, pero cuya presa principal en muchas regiones, la rata de
bosque (Neotoma spp.), se presenta en una amplia gama de condiciones de vegetacion. Aqui, utilizamos el seguimiento por GPS de alta
resolucién junto con el monitoreo por video de nidos para evaluar la hipdtesis de que las tasas de captura de presas varian en funcién de la
estructura y heterogeneidad de la vegetacion, con consecuencias reproductivas emergentes para S. o. occidentalis en el sur de California. Los
buhos que forrajearon tuvieron mas éxito en la captura de presas, incluidas las ratas de bosque, en los bosques mas altos con varios estratos,
en &reas con mayor heterogeneidad en los tipos de vegetacién y cerca de los bordes de bosque y chaparral. De acuerdo con estos hallazgos, S.
0. occidentalis entregd presas a los nidos con mayor frecuencia en territorios con mayor heterogeneidad en los tipos de vegetacion y entregd
biomasa de presas a una tasa mas alta en territorios con mas borde de bosque y chaparral. S. 0. occidentalis tuvo un mayor éxito reproductivo
en territorios con mayor cobertura media del dosel, 4rboles més altos y vegetacién mas arbustiva. Colectivamente, nuestros resultados
proporcionan evidencia adicional y convincente de que un mosaico de bosques con grandes arboles con un dosel complejo y vegetacion
arbustiva aumenta el acceso a las presas con beneficios reproductivos potenciales para S. o. occidentalis en paisajes donde las ratas de
bosque son una presa principal. Sugerimos que las actividades de gestion forestal que mejoran la estructura forestal y la heterogeneidad
de la vegetacion podrian ayudar a frenar la disminucion de las poblaciones de S. o. occidentalis y, al mismo tiempo, promover ecosistemas

resilientes en algunas regiones.

Palabras clave: captura de presas, chaparral, rata de bosque, reproduccion, seleccion de habitat, Strix occidentalis, sur de California

INTRODUCTION

Predator—prey interactions are shaped by the ability of
predator and prey to detect and respond to each other (Sih
1984, Lima and Dill 1990). Vegetation conditions can have
profound effects on these interactions if they favor either
predator or prey (Gorini et al. 2012). Vertical structure in
vegetation can benefit either predators when it provides am-
bush cover (Preston 1990, Gorini et al. 2012) or prey when
it provides escape cover (Boinski et al. 2003, Gorini et al.
2012). Horizonal heterogeneity in vegetation conditions (e.g.,
vegetation types or heights; hereafter “heterogeneity”) can
create spatial refuges for prey populations, such that pred-
ators preferentially hunt in areas having lower prey density
without prey refuges (Hopcraft et al. 2005, Horinouchi et al.
2009). However, prey refuges constraining hunting success
can benefit predators by acting as source populations for prey
that disperse into habitats more favorable to hunting success
(Kauffman et al. 2007, DeMars and Boutin 2018, Smith et
al. 2019). Thus, understanding how vegetation influences
predator—prey interactions can strengthen conservation plans,
particularly for rare predators threatened by habitat change
(Katzner et al. 2005, Catry et al. 2013, Hobart et al. 2019a,
Smith et al. 2020).

Most studies about how vegetation conditions shape
hunting success have focused on large mammalian carni-
vores, for which both predator and prey are easily observed
(Gorini et al. 2012). Yet, the majority of predators—such
as birds of prey—are small and cryptic, leaving little, if any,
prey remains at a predation site, instead concentrating re-
mains in pellets or scat (Andrews and Cook 1990). Studies
of foraging habitat selection in small, cryptic predators typ-
ically rely on telemetry approaches that yield locational data
agnostic to the activity of the predator and include unrelated
behaviors like territory defense, general location change,
courtship, and resting (Marsh et al. 2014a). Consequently,
such approaches could produce misleading representations
of high-quality foraging habitat, potentially compromising
conservation plans (Marsh et al. 2014a). However, the pair-
ing of small, accurate GPS telemetry units (Tomkiewicz et al.
2010) to follow predator movement and video camera tech-
nology to identify prey delivered to nests have recently—and
substantially—facilitated the identification of prey capture
locations for small and cryptic predators during the critical

nesting or denning periods (Marsh et al. 2014a, 2014Db, San-
jose et al. 2020, Wood et al. 2021).

The Spotted Owl (Strix occidentalis) is a small, noctur-
nal predator closely associated with commercially valuable
older forests (i.e., large trees, high canopy cover) and has
substantial influence on conservation decisions and forest
management across its range (Verner et al. 1992, Marcot and
Thomas 1997, Gutiérrez et al. 2017). Although it is among
the most well-studied birds in the world and its diet and noc-
turnal habitat use are well documented (Gutiérrez et al. 1995,
Lohmus 2004), vegetation conditions conferring successful
hunting are generally unknown, owing to its small body size
and cryptic hunting methods (but see Zulla et al. 2022). While
Spotted Owls frequently use older forests during nocturnal
activities, woodrats (Neotoma spp.) are a primary prey across
the majority of their range and occur in a wide variety of en-
vironments including younger forests and shrub-dominated
communities (Sakai and Noon 1993, Innes et al. 2007, Kelt
et al. 2013). It has been presumed that owls do not typic-
ally forage in some environments harboring high densities of
woodrats because of lack of perches, difficulty in capturing
prey, or an increased risk of their own predation (Call et al.
1992, Sakai and Noon 1993, Franklin et al. 2000). However,
woodrats cross ecotones along which owls are known to for-
age (Zabel et al. 1995, Sakai and Noon 1997, Parmenter et
al. 2003, Kramer et al. 2021b). Thus, early seral stage for-
ests, oak woodlands, and shrub communities may serve as
source populations of woodrats for foraging Spotted Owls
- particularly when they occur adjacent to older forest with
suitable perching structures (Ward et al. 1998, Franklin et al.
2000, Hobart et al. 2019b). Abundant sources of woodrats
could benefit nesting Spotted Owls as woodrat consumption
by owls appears to increase reproductive success (Ward et al.
1998, Smith et al. 1999). Thus, Spotted Owl hunting success,
and ultimately fitness and population status, may benefit from
a mosaic of vegetation conditions including forests with verti-
cal structure and heterogeneity in vegetation types.

Here, we paired recent advances in GPS telemetry with
nest video monitoring to understand how vegetation struc-
ture and heterogeneity influenced Spotted Owl hunting
success and nest provisioning. Spotted Owls in southern
California provide a unique opportunity to understand how
vegetation structure and heterogeneity shape prey capture
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success given: (1) that woodrats constitute the dominant
prey species (composing 74 % of diet by biomass; Smith et al.
1999), and (2) the broad range of vegetation conditions that
occur in this region (see study area below). We hypothesized
that both vertical structure and heterogeneity in vegetation
conditions influence the ability of Spotted Owls to acquire
prey, with emergent effects on reproductive success. Under
this hypothesis, we predicted that Spotted Owls would cap-
ture woodrats and potentially other prey species in areas
having greater vertical structure, more spatial heterogeneity
in vegetation composition, and more edge between forest
and shrubby areas. We also predicted that Spotted Owls
would deliver more prey to nest sites when their territor-
ies contained greater amounts of the vegetation conditions
that facilitated prey captures (identified in the first analysis).
Finally, we predicted that Spotted Owls would have higher
reproductive success when their territories contained more
of the vegetation conditions that facilitated prey captures
and deliveries to nests (identified in the first and second
analyses). Our study population occurs near the southern
range boundary of California Spotted Owls and has experi-
enced substantial declines, in part due to interactions among
vegetation change (e.g., loss of large trees), climate change,
and severe wildfire (Tempel et al. 2022). Thus, an improved
understanding of the vegetation conditions that promote
successful prey acquisition, nest provisioning, and repro-
ductive success could strengthen conservation planning for
owls in this region.

METHODS

Study Area

We studied Spotted Owls in the San Bernardino and San
Jacinto Mountains of southern California (Figure 1), which
have been almost continuously monitored for over 3 dec-
ades. Elevations ranged from ~800 to 2,600 m. Vegetation
community types included mixed conifer, bigcone Douglas
fir/live oak woodlands, hardwood forests/riparian areas, and
chaparral. Mixed-conifer forests primarily occur at higher
elevations and consisted of a mixture of pines and other
conifer species as well as scattered hardwoods. Woodlands
occurring at intermediate elevations, were dominated by
bigcone Douglas fir (Pseudotsuga macrocarpa) and canyon
live oak (Quercus chrysolepis). Chaparral vegetation was
often found interspersed with bigcone Douglas fir/canyon
live oak woodlands. Hardwood forests/riparian areas dom-
inated the canyon bottoms and were primarily comprised
of canyon live oak, California sycamore (Platanus racem-
ose), cottonwood (Populus spp.), and white alder (Alnus
rhombifolia). For our analyses, we reduced these commu-
nity types to the dominant vegetation types of conifer, hard-
wood, or chaparral (Figure 1).

GPSTagging and Video Monitoring

We used standard call-based survey methods to locate
breeding pairs of Spotted Owls in 2021 (Franklin et al.
1996), from which we selected 10 owl pairs for GPS tag-
ging and video camera monitoring of prey deliveries to nest
sites between late April and early June. Sites with nesting
owls were selected to include a wide range of elevations
(~1,200-2,300 m), contain the 3 dominant vegetation
cover types (conifer, hardwood, and chaparral), and not
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FIGURE 1. Map depicting 10 nest video camera locations for California
Spotted Owl (Strix occidentalis occidentalis) hunting success and
delivery rate analyses (black stars) as well as the 71 territories used in
the reproductive success analysis (black circles) overlayed over dominant
vegetation types. Elevations in the study area ranged from ~800 to 2,600
m with camera territories sampled between ~1,200 and 2,300 m. Inset
map shows broader location in southern California, USA.

have been exposed to widespread (>10% of the territory)
high severity wildfire. Additionally, while first ensuring a
range of elevations and cover type abundances, we pri-
oritized sites closer to roads and trails, with males that
could be captured, and accessible nests. At each site, we
captured male Spotted Owls using noose poles and “hand
capture” techniques (Wood et al. 2021) and attached GPS
tags (Alle-300, Ecotone, Poland) via tail mounts (Kramer
et al. 2021b). Males are responsible for the vast majority of
foraging by Spotted Owls during incubation and brooding,
such that focusing on males should provide reasonable in-
sights into foraging patterns during nesting for this species
(Delaney et al. 1999). We programmed GPS tags to record
a location every 2 min, for 10 hr each night (2000-0600
PDT) over the life of the tag (¥ = 6 nights). Median pos-
itional error was 45 m (individual tag median range: 15-74
m; S.A. Whitmore and H.A. Kramer, personal communica-
tion) and GPS filtering to improve accuracy was not pos-
sible with the details associated with each GPS location
(i.e., dilution of precision or other similar metrics were not
reported by the tags).

We installed infrared cameras (AXIS Q1786 — LE, 4 mega-
pixel) in a tree adjacent to each nest tree to monitor nests
during the same 10-hr period that the GPS tags were col-
lecting locations, plus an additional 30 min each morning
(2000-0630 PDT). Owing to the effort required to install
and remove cameras, we frequently acquired extra nights
of video data (¥ = 8.9 nights, ¥ = 93.5 hr). Cameras were
placed at least 10 m from the nest tree to minimize dis-
turbance to nesting activities. To install video cameras, we
climbed trees using single rope technique, which avoids
climbing spurs and thus does much less damage to trees and
increases the safety and efficiency of climbers (Anderson et
al. 2015).
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Identifying Successful Hunting Locations

To identify successful hunting locations, we first reviewed all
video data and identified the time of prey delivery and the
species delivered (when possible). We then examined GPS
data for clusters of GPS points recorded just before a rela-
tively straight movement path back to the nest (Marsh et al.
2014a, Wood et al. 2021). Following Zulla et al. (2022) we
defined clusters as containing up to 10 GPS locations before
the male’s return to the nest, where all points in the cluster
occurred over a span of 20 min or less and with no more
than 250 m between the farthest points (Figure 2). After
we linked prey deliveries observed in video recordings to a
GPS point cluster, we calculated a minimum convex polygon
around those points, then enlarged the perimeter of (“buf-
fered”) that polygon by 50 m (hereafter “capture polygon”)
to better account for GPS positional error, the potential ef-
fects of surrounding habitat on prey acquisition, and to main-
tain consistency with a similar study completed in the Sierra
Nevada (Zulla et al. 2022). To compare vegetation conditions
in these polygons to the overall composition of the owl’s ter-
ritory (see statistical analysis for more details), we generated
10 available polygons that matched the shape and size of each
capture polygon within Spotted Owl home ranges. We placed
each of these available polygons at a random location within
the owl’s home range and rotated each to a random orien-
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FIGURE 2. (A) Male delivering a woodrat to a juvenile on video camera.
(B) Map of GPS points before (white), during (grey), and after (black) a
successful hunt by a Spotted Owl as it returns to the nest with the prey,
within the owl's 95% kernel density estimate (KDE). Note that the grey
points in (B) are used to create the capture polygon shown in a map

(C) over NAIP imagery, including both the capture polygon (black) and
buffered capture polygon (white).
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tation. We defined approximate home ranges using a 95%
kernel density estimate (KDE) of each tagged owl, estimated
using fixed kernel width using the adebabitat package in R
(% = 142.57 ha, range: 86.50-238.55 ha; Seaman and Powell
1996, Calenge 2006).

Estimating Prey Delivery Rates

To estimate prey delivery rate, we recorded the number of
prey deliveries captured on video per hour. To further in-
vestigate the relationship between vegetative conditions and
prey delivery rate to nest, we analyzed how prey biomass
(i.e., estimated mass in grams of prey items delivered to
nests) was related to vegetative conditions in a home range.
For prey identified to the species level, we assigned body
mass (g). For woodrats and flying squirrels (Glaucomys
sabrinus), we estimated an average body mass of individ-
uals captured by owls by relating measurements of bones
collected from regurgitated pellets to bones of museum spe-
cimens of known body mass following Zulla (2021). Briefly,
this approach involved developing allometric relationships
between body mass and skeletal measurements using mu-
seum specimens and then using these relationships to predict
the average body mass of woodrats and flying squirrels in
owl pellets based on skeletal measurements in those pellets
(Zulla 2021). We then assumed that the average body mass
of these two prey species was equivalent between pellets and
the prey we observed delivered to nests in this study. For
other identified species, we obtained an average mass for de-
livered individuals of each prey species by averaging masses
of museum specimens from the southern California region
(latitude: 32.3 to 34.6°N, longitude: -117.9 to -115.9°W)
using the ARCTOS collections database (https://arctos.data-
base.museum/search.cfm; specimens from collections MVZ,
UWBM, MSB, and DMNS). In cases that we could not iden-
tify to the species level (“unknown”), we assigned prey to
1-4 size classes (tiny, small, medium, and large) based on the
prey’s size relative to the owl delivering it and other, known
prey items delivered to the nest. To calibrate the size ranges
in each category, we assigned identified prey species into
size classes (e.g., deer mice [Peromyscus spp.] were small,
whereas woodrats were large). We then used the average
mass of all identified species within each size class to assign
a mass to that size class, and thus assigned that mass to each
unknown prey in that size class.

Characterizing Vegetation Conditions

We characterized vegetation conditions within both used
and available polygons to test for selection of vegetation
that was associated with capture sites (Table 1). We also
characterized vegetation conditions within home ranges to
understand how vegetation conditions are related to prey
delivery rates and reproductive success (Table 1). We esti-
mated vegetation structure using remotely sensed data from
the California Forest Observatory (CFO) which uses deep
learning models to link available airborne LiDAR with sat-
ellite imagery using pattern recognition to predict vegetation
structure across the state of California at a spatial scale of
100 m? on an annual basis (CFO 2020). We used CFO data
from 2020 to estimate average canopy cover (%), canopy
height (m), canopy layer count (0-3), and ladder fuel dens-
ity (%). For clarity we renamed ladder fuel density “shrubby
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vegetation density,” henceforth, since the term “ladder fuel”
is often associated with vegetation under overstory vege-
tation, yet this metric is simply an estimate of the density
of vegetation between 1 and 4 m, agnostic to overstory.
We used vegetation type data from the Classification and
Assessment with Landsat of Visible Ecological Groupings
(CALVEG) vegetation classification system, specifically the
Anderson land use/land cover level two classification system
(Anderson et al. 1976), a mid-level vegetation mapping
product that classifies existing dominant vegetation with a
rough minimum polygon size of 2 ha (Brewer et al. 2015).
We used the CALVEG dataset, last updated in 2018, to esti-
mate percentage of conifer, hardwood, and chaparral dom-
inated vegetation types within polygons. To minimize the
temporal mismatch between the timing of vegetation metric
and foraging data collection, we avoided collecting GPS and
camera data in areas with large impacts from recent fires or
other vegetation altering events.

We then used a combination of the CFO and CALVEG
data to estimate 2 measures of relative edge and two
measures of vegetation heterogeneity within capture
polygons, available polygons, and home ranges (Table
1, Supplementary Material Figure 1). We defined “pri-
mary edge” as any boundary between chaparral and a
forest type (conifer or hardwood). We defined “second-
ary edge” as any boundary between vegetation types
and between short (<10 m canopy height) or tall (>10 m
canopy height) vegetation of the same or different type.
We normalized primary and secondary edge measures in
polygons and home ranges by dividing the sum of edge
length by the area of each polygon so that they repre-
sented a measure of the “density” of edge. We estimated
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coarse heterogeneity within capture polygons using the
Shannon Diversity Index of the proportions of each of
the 3 main vegetation classes (conifer, hardwood, chap-
arral) and a class representing any other (“other”) vege-
tation. We estimated “fine heterogeneity” similarly to
coarse heterogeneity, but we split conifer and hardwood
forest classes into 3 classes each, short forests (canopy
height <10 m), tall forests sparse canopy (canopy height
>10 m, canopy cover <70%), and tall forests dense can-
opy (canopy height >10 m, canopy cover >70%).

Assessing Reproductive Success

To examine the relationship between vegetation conditions
and reproductive success, we used a broader set of repro-
ductive outcomes for Spotted Owl territories in both the
San Bernardino and San Jacinto Mountains collected be-
tween 2006 and 2020 (Tempel et al. 2022). These historical
reproductive outcomes were estimated by assuming that a
pair of owls was not nesting if (1) when offered mice by
researchers, one member ate or cached four or more mice;
or (2) a female was observed roosting for more than 45 min
before 15 May (Tempel et al. 2022). For nesting owls, the
number of young fledged was counted during follow-up
visits following fledging young. Reproductive data col-
lected before 2006 was not considered because southern
California experienced widespread drought related tree
mortality between 2002 and 2005 (Preisler et al. 2017) and
the remotely sensed vegetation data we used (see character-
izing vegetation conditions above) were collected after this
period. Hence, the vegetation conditions during the study
were different before 2006.

TABLE 1. Vegetation covariates used to investigate Spotted Owl hunting success, prey delivery rate, and reproductive success. California forest
observatory (“CFO") and Classification and Assessment with Landsat of Visible Ecological Groupings (“CALVEG").

Variable Description Data source
Canopy cover Mean percent canopy cover CFO
Canopy height Mean canopy height CFO
Shrubby vegetation density Mean “ladder fuels density” (estimated vegetation density 1-4 CFO
m above ground divided by estimated vegetation 0—4 m)

Canopy layers Mean count of canopy layers CFO
Percent hardwood Percent of vegetation considered hardwood within a polygon CALVEG
Percent chaparral Percent vegetation considered chaparral within a polygon CALVEG
Percent conifer Percent vegetation considered conifer/mixed conifer within a CALVEG

polygon
Primary edge density
Secondary edge density®

wood, large conifer and large hardwood stands

Coarse heterogeneity
other vegetation

Fine heterogeneity*® Shannon diversity index of 8 classes

3 Conifer (small trees, large trees sparse canopy, large trees

dense canopy)

Boundaries between Chaparral and any conifer or hardwood
Boundaries between Chaparral, small conifer, small hard-

Shannon diversity index of chaparral, conifer, hardwood, and

Smoothed CALVEG layer

Merged smooth CALVEG layer and
smoothed canopy height layer >10

CALVEG

Merged CALVEG with CFO canopy
height and canopy cover layers

3 Hardwood (small trees, large trees sparse canopy, large trees

dense canopy)
Chaparral and other vegetation

*Small: canopy height <10 m; large: canopy height >10 m.
bSparse canopy: canopy cover <70%; dense canopy: canopy cover >70%.
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Statistical Analyses

To test for vegetation conditions correlated with hunting suc-
cess, we compared used and available polygons in a resource
selection framework. We conducted 2 separate analyses, one
where we considered all prey and one for only woodrats,
given the importance of this species for Spotted Owls in the
region (e.g. Smith et al. 1999). We used binomial general-
ized linear mixed models (GLMMs), with capture polygons
coded as 1 and available polygons coded as 0, while treating
all vegetation covariates as fixed effects. Following Duchesne
et al. (2010), we allowed for individual random intercepts
to relax the assumption of homogenous selection among in-
dividuals. We weighted available polygons (W = 1,000) to
enable convergence to an inhomogeneous Poisson process,
where “W” refers to the weight given to available polygons in
the GLMMs (Mulff et al. 2020). We included the fixed effects
of polygon area and distance to nest to account for different
polygon sizes between prey types and to control for Spotted
Owls central place foraging tendency, respectively (Rosenberg
and McKelvey 1999).

To determine how vegetation affected prey deliveries to
nests, we used 2 sets of linear regression analyses: the first
treating prey delivery rate (prey items prey hour) as the re-
sponse variable, and the second treating prey biomass de-
livery (grams per hour) as the response variable. We treated
vegetation metrics within Spotted Owl 95% KDE approxi-
mate home ranges as explanatory variables but limited po-
tential covariates to those deemed informative from our first
analysis because of smaller sample sizes (7 = 10).

To determine if vegetation features that influence foraging
also influence reproductive success, we evaluated how the same
eleven vegetation covariates from our first analysis (Table 1)
related to historical reproductive success (0-3 young fledged)
using GLMMs. To account for lack of independence for repro-
ductive success within sites and between years and to account
for Spotted Owl reproductive cycling unrelated to vegetation
conditions, we included both site and year as random effects.
We delineated hypothetical home ranges as circles centered
on the geometric mean of nest trees found within a territory
with a radius of 1,000 m. Thus, each “home range” area was
314 ha, which approximates owl home range areas in the San
Bernardino Mountains, which range between about 220 and
650 ha (Zimmerman et al. 2001). We excluded samples for
sites which were either not occupied by pairs or occupied by
pairs that did not attempt to nest because our first two analyses
were fundamentally limited to nesting pairs. Further, events be-
sides foraging success can influence an owl pair’s decision to
nest each year (e.g., winter/spring weather; North et al. 2000).
We also removed any home ranges where over 10% of their
area burned in high severity wildfire since 2006 to avoid mis-
match between the measured vegetation (based on CALVEG
[2018] and CFO [2020] data) and vegetation when owls at-
tempted reproduction. Previous research showed owl territor-
ies that did not experience major events like wildfire or timber
harvest showed minimal changes in vegetation over an 18-yr
period (Tempel et al. 2016). As our study area has no substan-
tive timber harvests, we assumed that any other differences in
vegetation type or structure were minimal over the period for
which nesting data was analyzed (2006-2020). After remov-
ing sites and samples because of fire impacts or lack of nesting
pairs, we retained 71 sites and 268 samples for an average of
3.7 years of reproductive data per site.

Spotted Owl hunting success

Our objective in these analyses was to identify the suite
of vegetation conditions potentially, but meaningfully,
influencing the location of prey captures, prey delivery rates,
and reproductive success rather than identifying a “top
model” per se. Therefore, we performed an all-subsets model
selection procedure for each of the 3 analyses using Akaike’s
Information Criterion with a correction for small sample sizes
(AIC,) and considered all models within 2 AIC, of the most
supported model to be competitive (Burnham and Anderson
2002). We did not allow highly correlated (» > 0.7) variables
to be included in the same model. We z-standardized all
covariates (mean = 0, SD = 1) to aid in interpreting the rela-
tive importance of covariates with different units (Schielzeth
2010). Owing to considerable model selection uncertainty
with multiple competitive models in the hunting success and
reproductive success analyses, we averaged model predictions
of covariate relationships to make inferences. For the hunting
success and reproductive success analyses we report model
averaged coefficients to aid in contextualizing the results
(using the structure f, [confidence interval]), and adopted
85% confidence intervals as recommended by Arnold (2010).
We avoided using model averaged coefficients to make in-
ferences directly, because multicollinearity among covariates
increases uncertainty and can cloud the interpretation of
model-averaged coefficients (Cade 2015). Thus, note that
some confidence intervals for model-averaged coefficients
may overlap zero due to uncertainty introduced from the
model averaging procedure. We also did not make inferences
about uninformative parameters (Arnold 2010) or param-
eters that appeared in only one competitive model, which we
assumed could be spurious effects. We did not perform cor-
rections for multiple comparisons because such corrections
decrease the probability of detecting relationships as more
statistical tests are performed (Moran 2003). We conducted
all analyses in program R 4.0.2 (R core team 2021). We fit
GLMMs using package glmmTMB (Bolker 2021) and per-
formed model selection using package MuMIn (Barton 2020).

RESULTS

Characteristics of Successful Hunting Locations

We identified 120 putatively successful hunting locations
and the prey caught in those locations by combining the GPS
clusters we defined as capture polygons with the subsequent
prey delivery to the nest recorded by the cameras at the 10
nest sites. These capture polygons were an average of 0.80
ha in size (range: 0.47-2.76 ha), while capture polygons with
a 50-m buffer averaged 3.94 ha in size (range: 1.46-6.91).
Woodrats were the most common prey item captured within
the 120 capture polygons, accounting for 42 (35%) of all prey
items. The next most common prey were deer mice (24%),
followed by pocket gophers (Thomomys bottae; 12%), and
flying squirrels (3%); 22% of captured prey could not be
identified.

Spotted Owls generally captured prey (“all-prey” ana-
lysis) in areas with higher canopy height (model-averaged
coefficient 0.33, model-averaged 85% CI [0.17, 0.49]), more
canopy layers (0.34, [0.16, 0.53]), greater fine heterogen-
eity (0.14, [-0.03, 0.31]), and increased primary edge (0.15,
[-0.02, 0.32]) and secondary edge densities (0.22, [0.06,
0.38]) than expected based on available polygons. Model
averaged predictions of these relationships are provided in



Spotted Owl hunting success

14 14

0 5 10 15 20 0 1 2
Canopy height (m) Canopy layers

//

g
=
o
©
o
>
2
o
=
E O i Ll Ll L] T O- L} L] T T T
§ 0.0 0.5 1.0 13 00 05 10 15 20
S Heterogeneity (coarse) Heterogeneity (fine)
n
s 14 14
2
=
©
o / /
2]
a
o
=
E 0 il T T T 0- T T T
& 0.000 0.012 0.025 0.00 0.02 0.04
Edge (primary) Edge (secondary)
1 -
All prey

\

Woodrats only

0 i T T T T
10 20 30 40
Shrubby vegetation(%)

FIGURE 3. Averaged model predictions for relative probability of hunting
success for all prey and woodrats only plotted against vegetation
conditions for foraging Spotted Owls, with 95% confidence intervals
shown as shaded areas. Heterogeneity metrics calculated as Shannon
diversity of vegetation types within polygons and edge is calculated

as the edge density within polygons (see Characterizing vegetation
conditions).

Figure 3. Spotted Owls were more likely to capture woodrats
(“woodrat only” analysis) in areas with higher canopy height
(0.31, [0.06, 0.57]), more canopy layers (0.4, [0.11, 0.70]),
greater coarse heterogeneity (0.24, [-0.02, 0.50]) and more
primary edge density (0.19, [-0.11, 0.48]) and were less likely
to capture woodrats in areas of higher shrubby vegetation
density (-0.12, [-0.45, 0.20]) compared to available polygons
(Figure 3). A considerable degree of model selection uncer-
tainty occurred in both the “all-prey” and “woodrat only”
analyses because there were 13 and 12 competitive models,
respectively (<2 AAIC; Supplementary Material Tables 1 and
2). Nevertheless, canopy height and secondary edge density
occurred in 8 and 10 of the 13 top models, respectively, in
the all-prey analysis. In contrast, canopy layers occurred in
11 of the 12 top woodrat models. The null model in the all-
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prey analysis had a AAIC of 9.30 (w, < 0.001) whereas AAIC
for the null model was 2.94 (w, = 0.01) in the woodrat-only
analysis.

Prey Delivery Rates

We observed 289 prey deliveries at the 10 nests, with individ-
ual males delivering between 15 and 46 prey items (x = 28.9
). Among these deliveries were 91 woodrats (31% count,
62% biomass), 72 deer mice (24% count, 4% biomass), 28
pocket gophers (10% count, 9% biomass), 10 flying squirrels
(3.0% count, 4% biomass), 2 grey squirrels (Sciurus griseus),
2 passerine birds, 2 chipmunks (Tamiias spp.), 1 Townsend’s
mole (Scapanus townsendii), 1 vole (Microtus spp.), and 80
unknown prey items (28% count, 18% biomass). Unknown
prey items included 11 large, 25 medium, 32 small, and 12
tiny deliveries. Delivery rates ranged from 0.22 to 0.45 prey
items per hour (x = 0.30 items hr™') while biomass delivery
rates ranged from 17.74 to 51.05 grams per hour (x = 29.22
g hr).

Spotted Owls delivered prey at a higher rate in home
ranges with higher coarse heterogeneity (0.06, [0.04, 0.09];
Figure 4A), and the null model was not competitive (AAIC
= 5.74, w, = 0.04; Supplementary Material Table 3). Spotted
Owls delivered biomass to nests at higher rates in home
ranges with more primary edge density (7.20, [4.49, 9.90];
Figure 4B), and the null model was not competitive (AAIC
= 6.15, w, = 0.03; Supplementary Material Table 4). The
positive association between prey biomass delivered and pri-
mary edge density was sensitive to a single influential male
which occurred in a territory with a high value for primary
edge, without which the association was not supported (i.e.,
the null model was more supported). However, the associ-
ation between coarse heterogeneity and prey delivery rates
remained important even when this “outlier” territory with
the highest heterogeneity value was removed (i.e., the top
model based on AIC remained the same and no other models
became competitive).

Reproductive Success

Spotted Owl reproductive success was most strongly related
to canopy cover, canopy height, and shrubby vegetation
(Figure 5). Of the 5 top models 2 contained uninformative
parameters, which we did not report (see Arnold 2010). Thus,
we retained 3 top models: (1) canopy cover only, (2) canopy
height and shrubby vegetation density, and (3) canopy height
only (Supplementary Material Table 5). Spotted Owl repro-
ductive success increased with greater canopy cover (model
averaged coefficient 0.12, model averaged 85% CI [0.04,
0.20]) and taller canopy height in a home range (0.10, [0.02,
0.18]). Spotted Owls reproduced more successfully in areas
with on average more shrubby vegetation, (0.08, [0.003,
0.13]). The null model was not competitive (AAIC = 2.60, w,
= 0.04; Supplementary Material Table 5).

DISCUSSION

Consistent with our predictions, Spotted Owls more fre-
quently captured prey in areas with greater vertical structure in
vegetation (canopy layers and height), spatial heterogeneity in
vegetation types or structures (coarse and fine heterogeneity),
and along edges of different vegetation types or structures
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(primary and secondary edge density). Our results support
results from a similar study in the Sierra Nevada (Zulla et al.
2022), which also found Spotted Owls tended to capture prey,
and particularly woodrats, in areas with more large trees, het-
erogeneity in vegetation conditions, and edge. Relationships
between prey acquisition and canopy layers and height sup-
ported numerous previous studies demonstrating that VHF-
and GPS-marked individuals preferentially use forests with
larger trees and vertically complex structure during nocturnal
activities, but indicates that owls do so, in part, because they
promote successful foraging (Atuo et al. 2019, Blakey et al.
2019, Kramer et al. 2021b, Zulla et al. 2022). However, our
findings also indicate that foraging owls likely benefits from
a mosaic of large tree forest with complex canopy and other
vegetation types given that woodrats, the primary Spotted
Owl prey species in the southern California region, were more
likely to be captured in areas with (1) high heterogeneity in
vegetation types (conifer forest, hardwood forest, chapparal)
and (2) along forest-chapparal edges. Indeed, associations be-
tween woodrat capture locations and both heterogeneity and
edge density provide compelling support for previous sugges-
tions that areas with low-lying vegetation serve as sources
of woodrat prey for owls foraging in adjacent older forests
(Zabel et al. 1995, Sakai and Noon 1997, Kramer et al. 2021b,
Zulla et al. 2022). While shrubby vegetation appeared to pro-
vide habitat for woodrats and provide foraging opportunities
for Spotted Owls along forest-chapparal edges, owls were less
likely to capture woodrats in areas with more shrubby vege-
tation, which included both pure chapparal vegetation and
shrubby understories of forested areas. Without adjacent for-
ests, larger areas of chaparral may not offer suitable perching
for owls to hunt for and capture woodrats, whereas dense
shrubby areas within forests may provide woodrats with suf-
ficient cover to avoid predation. Associations between all prey
captured and both secondary edge density and fine hetero-
geneity suggest that fine-scale variation in heterogeneity and
vertical structure also improve overall hunting success. These
features could provide foraging owls, as ambush predators,

A C
1.75+ 1.75 1 1.75+
1.50 4 1.50 1 1.50 4
°
@
=
2 1.251 1.25 1 1.25+
2
=
L 1.00 1.00 1.00
0.75 0.75- 0.75
0.50 A 0.50- 0.50 A
10 20 30 40 50 60 0 5 10 15 25 50 75
Canopy cover (%) Canopy height (m) Shrubby vegetation (%)
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mean shrubby vegetation density within the territory, with shaded 95% confidence intervals.
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with more perches to locate and approach prey. Higher vari-
ation in vegetation types and forest structure could also
provide a greater diversity of niches for prey, such that owls
encounter more species of prey in forests with these features.

Prey delivery rates by Spotted Owls to nests were greater
when territories contained more of some of the vegetation
conditions (coarse heterogeneity and primary edge density)
that promoted successful prey acquisition. Higher prey deliv-
ery rates in territories with more coarse heterogeneity suggest
that a diversity of vegetation types increase either prey abun-
dance or accessibility to prey by Spotted Owls or both. In
comparison, the delivery of prey biomass to nests was greatest
in owl territories containing more forest chaparral edge (i.e.,
“primary edge density”), with woodrats likely driving this re-
lationship as the most frequent and one of the largest species
of prey delivered to nests. The biomass delivery-edge dens-
ity relationship was sensitive to a single influential data point
with high forest chapparal edge density. While additional
studies involving larger sample sizes are merited, a clear
ecological basis exists for believing the relationship is real.
Indeed, in conjunction with the prey capture analysis, these
two results provide further evidence that although Spotted
Owls’ primary prey species (woodrats) may be more abun-
dant in vegetation cover types like chaparral, they become
increasingly vulnerable to predation by owls when they occur
near ecotones with older forests, where owls tend to forage
(Zabel et al. 1995, Sakai and Noon 1997, Ward et al. 1998).
Hence, there appears to be a direct link between vegetation
conditions that promote successful foraging and the energy, in
the form of prey biomass, provided by adult owls to nestlings.

Spotted Owl reproductive success was greater when owls
occurred in territories that contained some of the vegetation
conditions (e.g., taller forest) that apparently benefited prey
captures, yet reproductive success was also higher under con-
ditions: (1) unrelated to prey captures (denser canopy cover);
(2) associated with fewer captures (more shrubby cover); and
(3) unrelated to higher prey delivery rates to nests (denser can-
opy cover). Canopy height and cover had a positive influence
on reproductive success, likely because older forest also serves
as nesting habitat that provides a suitably cool microclimate
and concealment from nest predators (LaHaye et al. 1997,
North et al. 2000, Weathers et al. 2001). However, taller for-
ests (with larger trees) may also provide Spotted Owls with
better hunting perches or ambush cover, given the positive
association we observed between the probability of prey cap-
ture and taller forests (see Figure 2A; Atuo et al. 2019, Blakey
et al. 2019, Kramer et al. 2021a), which could have contrib-
uted to higher reproductive success. The apparent contra-
diction between higher reproductive success, yet lower prey
capture, in areas with more shrubby cover is likely a matter
of scale. At the fine scale at which we assessed foraging habi-
tat (mean polygon size = 3.6 ha), owls may encounter fewer
prey—or be less successful capturing prey—in dense shrubby
areas because of the concealment or refuge it provides. But
at a larger, territory scale (314 ha), areas of dense shrubby
vegetation such as chapparal or shrubby areas within forested
patches may serve as sources for small mammal prey (particu-
larly woodrats) for Spotted Owls (Zabel et al. 1995, Sakai
and Noon 1997, Parmenter et al. 2003). Thus, even though
heterogeneity or edge density, strictly speaking, were not as-
sociated with higher reproductive success, we suggest that the
juxtaposition of the taller, closed canopy forest and shrubby
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conditions (both in forest understories and as chapparal
vegetation) constitutes forms of vertical structure and spa-
tial heterogeneity that were indeed positively associated with
Spotted Owl reproductive success—presumably because they
improved prey acquisition. Broadly, these results supported
our predictions that some of the vegetation conditions that
facilitated prey captures by Spotted Owls would also increase
reproductive success, but also suggested that other processes
affect successful reproduction.

Environmental features such as vegetation conditions can
strongly influence encounter and kill rates of prey by pred-
ators, and thus likely predator fitness and population status.
The vast majority of predator—prey studies in the wild have
focused on large carnivores, which typically leave noticeable
kill sites (Gorini et al. 2012). We capitalized on new GPS
tagging and nest video monitoring techniques (Marsh et al.
2014a, Wood et al. 2021) to better understand how vegeta-
tion conditions, including forest structure and heterogeneity,
affect these processes in a small-bodied, nocturnal predator at
the center of forest management in western North America.
In doing so, we provide a more mechanistic understanding
of previous observations suggesting that a mosaic of large-
treed forests with complex canopies and shrubby vegetation
increases prey availability and provides fitness-level benefits
to Spotted Owls in landscapes where woodrats are a primary
prey (Ward et al. 1998, Hobart et al. 2019a, Kramer et al.
2021b). Future studies involving concurrent woodrat trap-
ping to estimate densities in owl foraging areas and habitats
could provide additional mechanistic insights into predator—
prey interactions between the two species. Additionally, this
study was limited to actively nesting owls—albeit a critical
stage for population dynamics—and further research would
be required to determine if observed patterns change when
breeding owls are no longer constrained to feeding juveniles.
However, our work in conjunction with similar research in
the Sierra Nevada (Zulla et al. 2022), suggests that continued
development and implementation of forest management prac-
tices intended to promote vegetation heterogeneity (North
and Manley 2012) could also benefit declining Spotted Owl
populations (Peery et al. 2017).

Conservation Implications

Characterizing vegetation conditions constituting high-quality
foraging habitat and how those conditions translate to fit-
ness components such as reproductive success can strengthen
conservation planning for threatened predators (Katzner et
al. 2005, Catry et al. 2013, Hobart et al. 2019a, Smith et al.
2020). Spotted Owl populations in southern California have
declined upwards of 40% in occupancy over the past 30 years
and appear vulnerable to extirpation, likely due to complex
interactions between vegetation conditions, climate change,
and large severe wildfires (Tempel et al. 2022). The exclusion
of historically frequent wildfires from southern California
forests over the past century has promoted denser, more
homogenous stands of trees and denser stands of chapparal
(Minnich et al. 1995), driving a transition from frequent low-
and moderate-severity wildfires to large high-severity wild-
fires that (1) can eliminate extensive areas of habitat (Jones et
al. 2016), and (2) reduce foraging opportunities (this study)
for Spotted Owls. Our study indicates that increasing forest
heterogeneity, and particularly taller, vertically complex for-
ests with higher canopy that are interspersed with chapparal
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could benefit owl foraging and reproduction. Specifically,
restoration of more frequent low- to moderate- severity fire
regimes to these forests could both increase forest heterogen-
eity and resilience to severe wildfire and other disturbances
(Stephens et al. 2008, Collins et al. 2009), and ultimately im-
prove Spotted Owl viability in the region. Integral to such
efforts is consideration of temporal scales and the importance
of conserving and restoring large trees which can take dec-
ades to centuries to grow, with the dynamics of chapparal
and shrub types adapted to disturbance and replacement over
much shorter time scales.

Importantly, fire management with purely fuels-reduction
objectives may not increase vegetation heterogeneity in a way
that will improve foraging success, because such practices typ-
ically remove understory vegetation and can simplify vertical
forest structure (Tempel et al. 2015). Rather, fire and vegeta-
tion management that creates a mosaic of fuel and vegetation
condition, including juxtaposed areas of higher resistance
(e.g., taller forests with minimal ladder fuels) and potential
lower resistance (e.g., areas of shrub cover both independent
of and under overstory trees) is more likely to improve owl
fitness. While such juxtaposition may also put forest edges at
higher risk of severe fire, a diverse vegetation mosaic should
result in self-limiting fire behavior at the landscape scale
(Lydersen et al. 2013), perpetuating heterogeneous condi-
tions—potentially helping recover declining owl populations.
A future study investigating thresholds in the beneficial effects
of chapparal or shrubby vegetation, as well as the influence
of patch size, could provide insights into the potential costs of
too much heterogeneity. Nevertheless, we suspect that many
smaller patches may benefit owls by providing more edge
habitat with a lower risk of large severe fire that is associated
with large, dense stands of chapparal. Similarly, the judicious
application of mechanical vegetation management practices
or variable retention harvesting that increases tree sizes and
fine-scale variation in vegetative conditions (Kuehne et al.
2015), by creating canopy openings that promote shrub cover
and edges in foraging areas, could also benefit Spotted Owls
in this region. Forest management in nest stands, however,
should avoid simplifying forest structure or creating gaps that
reduce survival by increasing predation risk or thermoregula-
tory costs (Franklin et al. 2000, Weathers et al. 2001, Ma et
al. 2010). In conclusion, this study adds to the growing body
of literature indicating that forest management activities in-
tended to promote forest heterogeneity could benefit the con-
servation of Spotted Owls (e.g., Tempel et al. 2015, Jones et
al. 2021, Kramer et al. 2021a, Zulla et al. 2022).

Supplementary material

Supplementary material is available at Ornithological

Applications online.
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