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Abstract

Predator populations are imperiled globally, due in part to changing habitat

and trophic interactions. Theoretical and laboratory studies suggest that

heterogeneous landscapes containing prey refuges acting as source habitats

can benefit both predator and prey populations, although the importance of

heterogeneity in natural systems is uncertain. Here, we tested the hypothesis

that landscape heterogeneity mediates predator–prey interactions

between the California spotted owl (Strix occidentalis occidentalis)—a mature

forest species—and one of its principal prey, the dusky-footed woodrat

(Neotoma fuscipes)—a younger forest species—to the benefit of both. We did

so by combining estimates of woodrat density and survival from live trapping

and very high frequency tracking with direct observations of prey

deliveries to dependent young by owls in both heterogeneous and homoge-

neous home ranges. Woodrat abundance was ~2.5 times higher in owl

home ranges (14.12 km2) featuring greater heterogeneity in

vegetation types (1805.0 ± 50.2 SE) compared to those dominated by mature

forest (727.3 ± 51.9 SE), in large part because of high densities in young forests

appearing to act as sources promoting woodrat densities in nearby mature for-

ests. Woodrat mortality rates were low across vegetation types and did not dif-

fer between heterogeneous and homogeneous home ranges, yet all observed

predation by owls occurred within mature forests, suggesting young forests

may act as woodrat refuges. Owls exhibited a type 1 functional response, con-

suming ~2.5 times more woodrats in heterogeneous (31.1/month ± 5.2 SE)

versus homogeneous (12.7/month ± 3.7 SE) home ranges. While consump-

tion of smaller-bodied alternative prey partially compensated for lower

woodrat consumption in homogeneous home ranges, owls nevertheless con-

sumed 30% more biomass in heterogeneous home ranges—approximately

equivalent to the energetic needs of producing one additional offspring. Thus,

a mosaic of vegetation types including young forest patches increased woodrat

abundance and availability that, in turn, provided energetic and potentially

reproductive benefits to mature forest-associated spotted owls. More broadly,

our findings provide strong empirical evidence that heterogeneous landscapes
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containing prey refuges can benefit both predator and prey populations. As

anthropogenic activities continue to homogenize landscapes globally, promot-

ing heterogeneous systems with prey refuges may benefit imperiled predators.

KEYWORD S
forest management, heterogeneity, predator conservation, predator–prey, spotted owl,
woodrat

INTRODUCTION

Predator populations are declining globally, often precipi-
tated by habitat loss and changes in trophic interactions
(Estes et al., 2011; Ripple et al., 2014). Many predators
occur, and presumably evolved, in complex landscapes
with heterogeneously distributed resources that shape
many of their ecological interactions (Hunter & Price,
1992; Wiens, 1995). Among these, the composition and
configuration of habitat patches can mediate predator–
prey interactions, with consequences for population
dynamics for both predators and their prey (Fahrig et al.,
2011; Schmitz, 1998; Wilson et al., 2019). As anthropo-
genic land-use change increasingly homogenizes land-
scapes, there is a growing need for empirical studies on
the effects of heterogeneity (variability of an environmen-
tal property in time and space; Li & Reynolds, 1995) in
predator–prey systems (Bullock et al., 2022; Layman
et al., 2007). However, to date most studies on the effects
of heterogeneity on predator–prey interactions have been
theoretical or conducted within controlled experimental
settings subject to many simplifying assumptions
(Hastings, 1977; Sih, 2005). Further, empirical studies are
typically conducted at patch rather than landscape scales,
do not involve mobile predators capable of accessing
many patches, or fail to account for alternative prey
(Ryall & Fahrig, 2006).

Landscape heterogeneity is most likely to affect
predator–prey dynamics through effects on prey abundance
or vulnerability. In heterogeneous systems, landscape-scale
abundance of prey is an emergent property of the composi-
tion of habitat patches of varying quality, with landscapes
containing a greater area of high-quality habitat patches
expected to have higher prey abundance (Holt, 1985; Iles
et al., 2018). However, dispersal from high-density source
patches can increase densities within lower-quality patches
(Holt, 1985), decoupling local abundance from habitat qual-
ity (Ehrlén & Morris, 2015; Iles et al., 2018). In some cases,
landscape-scale abundance may even exceed the combined
carrying capacity of all representative patches (Holt, 1985;
Zhang et al., 2017). When predation rate is determined by
prey density (i.e., the functional response), these patch- and
landscape-scale differences in prey abundance can have

profound effects on predator populations (Coulson et al.,
2006; Holling, 1959), which may be most pronounced when
predators exhibit differential hunting success among
patches (Hopcraft et al., 2005).

Landscape heterogeneity can affect prey vulnerability
by creating refuges that reduce predation risk—that is,
the likelihood of a predator encountering or capturing
prey (Sih, 1987). When predator and prey prefer different
habitats, the relative amounts and arrangements of safe
(difficult for the predator to successfully capture prey)
versus risky (easier for the predator to successfully cap-
ture prey) patches can decouple prey availability from
abundance (Hebblewhite et al., 2005; Laundré, 2010),
with ostensible tradeoffs when either habitat type pre-
dominates. Homogeneous landscapes dominated by risky
habitat may increase prey accessibility but limit abun-
dance or advance prey depletion (Coulson et al., 2006;
Huffaker et al., 1963), while landscapes dominated by
safe habitat may increase prey abundance but limit cap-
ture opportunities (Hopcraft et al., 2005). By reducing
top-down control on prey abundance, refuge use can also
promote density-driven dispersal into adjacent risky
patches (Holt, 1985) and provide foraging opportunities
along the edges of the two habitat types (Laundré &
Hern�andez, 2003; Zulla et al., 2022). Therefore, compared
to homogeneous landscapes where predator habitat pre-
dominates, heterogeneity may decrease the availability of
hunting patches for predators but increase the encounter
probability within those that remain, potentially increas-
ing hunting success (Hopcraft et al., 2005; Zulla et al.,
2022). In summary, the relationship between habitat
characteristics and predation rates often depends on the
landscape context, although studies need to be conducted
across a gradient of heterogeneity in natural systems—
that is, complex landscapes containing a mosaic of prey
refuges and patches of varying density and catchability
versus homogeneous ones dominated by a single habitat
type and uniform catchability of prey.

We assessed how landscape heterogeneity mediates
predator–prey interactions between a mature forest pred-
ator, the California spotted owl (Strix occidentalis
occidentalis), and one of its primary prey species, the
dusky-footed woodrat (Neotoma fuscipes). While spotted
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owls consume a variety of small mammals and other
taxa, woodrats represent the largest-bodied (Ward Jr
et al., 1998) and, thus, most energetically profitable prey
when present (Weathers, 1996). As such, woodrat
consumption can drive patterns in fitness, occupancy,
and space use for spotted owls (Franklin et al., 2000;
Hobart, Jones, et al., 2019). Spotted owls use mature
forest for nesting, roosting, and foraging (Gutierrez et al.,
1992; Moen & Gutiérrez, 1997), while woodrats are
predominantly associated with younger, brushier forests
and large oaks (Sakai & Noon, 1993; Williams et al.,
1992), which are traditionally viewed as less suitable hab-
itat for foraging owls (Atuo et al., 2019; Kramer, Jones,
Whitmore, et al., 2021). Despite this purported mismatch
between predator and prey habitat, in lower-elevation
forests of the Sierra Nevada, USA, woodrats can compose
up to 94% of spotted owl diet by weight (Williams et al.,
1992). Sakai and Noon (1997) observed intermittent,
short-distance movements into mature forests by
woodrats occupying dense young forests within a patchy
landscape, suggesting that forays across ecotonal bound-
aries may increase the vulnerability of woodrats to avian
predation. Indeed, recent work has linked increasing for-
est heterogeneity at a home range scale to woodrat con-
sumption (Hobart, Jones, et al., 2019) and documented
frequent woodrat captures by owls foraging along edges
between hardwood and coniferous-dominated forests
(Zulla et al., 2022). In the Sierra Nevada, differences in
management practices among landownership types has
created landscapes that differ dramatically in forest com-
position and patch configuration (North et al., 2017), pro-
viding a gradient of heterogeneity to (1) examine the
mechanisms driving increased woodrat consumption by
spotted owls and (2) determine whether these mecha-
nisms also confer benefits to woodrat populations at a
landscape scale.

Herein, we hypothesized that heterogeneous land-
scapes featuring a mixture of early and late-successional
habitat would create sources or spatial refuges for prey
that benefit both predator and prey populations when
predators and prey are associated with different habitats.
We combined live trapping and monitoring of woodrat
survival with direct observations of prey deliveries by
spotted owls to test several predictions related to our cen-
tral hypothesis. Specifically, we predicted (1) owl home
ranges with greater habitat heterogeneity, in the form of
a mosaic of vegetation types including mature forest,
young forest, and open areas, would contain higher den-
sities of woodrats than homogeneous home ranges
consisting primarily of mature forest. We also predicted
that (2) mortality rates of woodrats would be higher in
mature forest and within homogeneous home ranges
because of the lack of young forest refuges, but (3) a

functional response exists where owl predation rates on
woodrats would be higher in heterogeneous than
homogeneous home ranges. Finally, we predicted
that (4) total biomass of prey delivered to owl nests would
be greater in heterogeneous home ranges because of a
greater consumption of large-bodied woodrats and,
accordingly, the consumption of alternative, smaller-
bodied prey would not reconcile this deficit in homoge-
neous home ranges.

METHODS

Study system

Our study primarily occurred on the western slope of the
central Sierra Nevada in California in the USA, within
and adjacent to the Eldorado Demography Study Area
(EDSA; Figure 1), a long-term spotted owl monitoring
site encompassing roughly 355 km2 of the Eldorado
National Forest (Jones et al., 2021). Elevation in the
EDSA ranges from 366 to 2257 m, although we concen-
trated our woodrat trapping efforts within ~1000 to
1500 m, a range that can contain dense woodrat

F I GURE 1 Locations of spotted owl (Strix occidentalis)

home ranges within and adjacent to the Eldorado Demography

Study Area (EDSA) in the central Sierra Nevada, California,

USA, where dusky-footed woodrat (Neotoma fuscipes) abundance

and survival (Predictions 1 and 2) were estimated in 2020 and 2021.

Landscape composition is depicted by orange (heterogeneous) and

teal (homogeneous) circles within private and public (USFS, United

States Forest Service) land.
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populations (Williams et al., 1992). Dominant conifer
species included incense cedar (Calocedrus decurrens),
ponderosa pine (Pinus ponderosa), sugar pine
(P. lambertiana), Douglas fir (Pseudotsuga menziesii), and
white fir (Abies concolor), while dominant hardwoods
included California black oak (Quercus kelloggii) and
tanoak (Lithocarpus densiflorus), the latter of which was
patchily distributed throughout the study area in dense
pockets (Fites-Kaufman et al., 2007).

Landownership in the EDSA was split between ~60%
public land, primarily managed by the United States
Forest Service (USFS), and ~40% private land, existing
mostly as commercial timberlands. Differences in land
use practices among ownership types in this region have
created a landscape with distinct spatial variation in for-
est structure, age, and configuration. On USFS-managed
lands, a century of fire suppression, coupled with selec-
tive logging of large trees, has created contiguous, spa-
tially homogeneous stands of mature trees within public
forests (Stephens et al., 2015). On privately owned lands,
timber harvesting occurs more frequently, often with an
emphasis on even-aged management that creates a
mosaic of different stand types, including open clear cuts,
young plantations interspersed with brushy pockets of
saplings and tanoak, and patches of mature forest similar
to those occurring on public lands (North et al., 2017).
Forests on private lands are on average 30–40 years youn-
ger than those on public lands and may contain fewer
stand features generally found in older forests, such as
large snags and logs (North et al., 2017). Thus, private
lands tend to contain forests with less vertical structure
but more heterogeneity in forest ages, including young
stands that can harbor dense woodrat populations
(Sakai & Noon, 1993). Spotted owls nest and forage on
both ownership types (Atuo et al., 2019; Hobart, Roberts,
et al., 2019; Roberts et al., 2017).

Overview

To test our predictions about the effects of landscape
heterogeneity on predator–prey interactions between
spotted owls and woodrats we (1) used live-trapping
and mark-recapture methods to estimate woodrat
abundance (Prediction 1); (2) deployed very high fre-
quency (VHF) collars on woodrats to monitor individual
survival and identify causes of mortality (e.g., likely owl
predation; Prediction 2); and (3) quantified consumption
rates by monitoring woodrat and other prey deliveries to
nests with video cameras within owl home ranges
(Predictions 3 and 4). All three of these field methods
were used in home ranges containing varying degrees of
habitat heterogeneity.

Classifying landscape composition and
configuration within spotted owl home
ranges

We compared occupied spotted owl home ranges that
were either highly homogeneous or heterogeneous in the
proportional composition and configuration of open,
young, and mature forest. To identify homogeneous or
heterogeneous home ranges for woodrat sampling, we
visually inspected aerial imagery from the National Agri-
culture Imagery Program (NAIP) at all known spotted
owl home ranges (n = 28) within and immediately adja-
cent to the EDSA and identified those containing pre-
dominantly mature forest in large, contiguous stands
versus those that had a more even mixture of open,
young, and mature forest of differing patch sizes
(Figure 2A,B).

For this subset of highly homogeneous and heteroge-
neous home ranges, we created circular buffers with a
2.12 km radius—an area equal to the median home range
of all males tagged for a minimum of 25 days (14.12 km2)
from previous studies (Atuo et al., 2019; Jones et al.,
2016; Zulla et al., 2022)—around the most recent known
nest or roost site. Next, within each buffered home range,
we used NAIP imagery collected in 2018 and 2020 to
manually digitize patches of relatively uniform vegetation
conditions following protocols described in Tempel et al.
(2014). We defined the three predominant forest struc-
ture classes based on canopy cover and size of dominant
trees as follows: mature forest (>40% canopy cover and
dominant trees >12 inches diameter at breast height
[dbh]), young forest (>40% canopy cover and saplings or
dominant trees <12 inches dbh), and open habitat
(<40% canopy cover). Heterogeneous home ranges had
more even representation of habitat types, estimated by
Shannon’s diversity index (Ĥ = 0.92, range = 0.79–1.05;
mean areas = 58.8% mature, 27.9% young, and 12.2%
open) than homogeneous home ranges (Ĥ = 0.65,
range = 0.57–0.71; mean areas = 78.6% mature, 9.9%
young, and 11.5% open).

For tests of woodrat abundance and survival
(Predictions 1 and 2), we excluded home ranges that were
far from other home ranges we considered sampling,
above elevations with high woodrat densities (>1500 m)
and below elevations where owls are commonly found in
our study landscape (<1000 m), or predominantly within
the King Fire footprint and likely confounded substan-
tially by severe fire (Jones et al., 2016). From the
remaining subset we then selected nine home ranges
(five homogeneous, four heterogeneous) by prioritizing
ones that were occupied at the time of woodrat sampling
based on routine spotted owl surveys conducted as part
of the EDSA (Jones et al., 2021), occurred at similar

4 of 18 KUNTZE ET AL.



elevations (mean elevation range 1290–1372 m), and
occurred in close proximity. For tests of prey delivery
rates by owls (Predictions 3 and 4), we selected four of

these home ranges along with an additional 11 from the
EDSA and Sierra Pacific Industries’ Stirling Study Area
(SSA) in the northern Sierra Nevada (Zulla et al., 2022).

F I GURE 2 Examples of landscape composition (heterogeneous or homogeneous) within spotted owl (Strix occidentalis) home ranges

surveyed in 2020 and 2021 in the central Sierra Nevada, California, USA. Differences are shown at the scale of a spotted owl home range

with both (A) National Agriculture Imagery Program (NAIP) imagery and (B) habitat type (mature, young, and open), and (C) at the scale of

a trapping grid visualized with NAIP imagery.
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Among these, home ranges had similar representation of
habitat types compared to those from Predictions 1 and 2,
with greater evenness in heterogeneous (H = 0.99,
range = 0.82–1.05; mean areas = 54.3% mature, 27.9%
young, and 17.8% open) than homogeneous home ranges
(H = 0.71, range = 0.62–0.74; mean areas = 76.4% mature,
10.9% young, and 12.7% open).

Field methods and analysis

Prediction 1: Estimating woodrat abundance

To compare woodrat abundance within homogeneous
and heterogeneous home ranges, in 2020 and 2021 we
deployed grids of 64 traps (in 8 × 8 or 4 × 16 configura-
tion) spaced at 50-m intervals among eight of the nine
occupied spotted owl home ranges classified as homoge-
neous (n = 4) or heterogeneous (n = 4; Figure 1). Within
homogeneous home ranges, we randomly placed grids
within large stands of contiguous mature forest
(Figure 2C). Within heterogeneous home ranges, we
deployed trapping grids stratified by habitat—using
ArcMap and NAIP imagery where, specifically, we cre-
ated an algorithm to identify edge areas between young-
mature and open-mature patches of a minimum size to
center our trapping grids. We centered our trapping grids
along habitat edges to ensure adequate representation of
core and edge for each habitat type; variable patch size
and distribution in heterogeneous home ranges posed
challenges to sampling (e.g., uneven representation of
habitat types) if we followed a truly random grid place-
ment strategy (Figure 2B). As part of this process, we
constrained grid locations such that they contained at
least 30% each of mature forest and either young forest or
open area (Figure 2C).

We deployed traps for six consecutive days following
a paired approach in which two grids were sampled
concurrently—one each within a heterogeneous and
homogeneous home range. Within each home range, we
deployed one (n = 2), two (n = 2), or four (n = 4) trap-
ping grids. Trapping occurred from late spring through
summer in 2020 and 2021. We captured woodrats in steel
mesh traps (Model 105; Tomahawk Live Trap Company,
Hazelhurst, Wisconsin, USA) baited with a mix of bird-
seed, dried fruit, and peanuts. All captured animals were
ear punched and marked with a unique ear tag (Model
1005-1; National Band & Tag Company, Newport, KY,
USA) or passive integrated transponder (PIT) tag (Avid
Identification Systems, Norco, CA, USA). All captures
were done with approval by the Institutional Animal
Care and Use Committee of the University of Wisconsin,
Madison (IACUC No. A006173-A01) and followed

guidelines from the American Society of Mammalogists
(Sikes et al., 2019).

We estimated abundance using Huggins closed-
capture models in the program MARK (White &
Burnham, 1999). We modeled initial capture probability
(p) and recapture probability (c) accounting for time
(i.e., sampling occasion), sampling year, habitat type
(open, young, mature), and home range configuration
(heterogeneous or homogeneous). For model selection,
we used Akaike’s information criterion corrected for
small sample size (AICc) and AICc weights (w) to select
the best-supported model and assessed significance using
95% CIs. If a competitive model contained one or more
uninformative parameters (i.e., parameter CIs overlapped
zero), we dropped this model from consideration
(Arnold, 2010). We then used our top model to derive
woodrat abundance for each habitat type.

To estimate relative densities by habitat type, we
applied these abundance estimates to the effective trap-
ping area (ETA) surveyed (Gerber & Parmenter, 2015).
We estimated ETA (in square kilometers) following
Parmenter et al. (2003); in this, we buffered all grids by
50 m, equal to half of the estimated mean for maximum
nightly distance moved by woodrats, then summed the
total area of each habitat type captured across all buffered
grids. Then we calculated density estimates for each habi-
tat type by dividing the model-derived abundance esti-
mates by their respective ETA (Schwemm et al., 2018).
Given that dispersal from patches of adjacent young for-
est may facilitate increased woodrat densities (Sakai &
Noon, 1993, 1997), we considered mature forest in het-
erogeneous and homogeneous home ranges as two sepa-
rate habitat classes. We obtained estimates for woodrat
abundance within homogeneous (N̂H) and heteroge-
neous (N̂E) home ranges by scaling up our density esti-
mates relative to the area of open (AO), young (AY), and
mature (AM) forest within each home range
(Appendix S1: Section S1). We calculated SE values for
density and abundance using the Delta method (Powell,
2007), which allowed us to estimate the variance of a
parameter derived from multiple variables, each with its
own variances. We also performed statistical comparisons
of abundance between homogeneous and heterogeneous
home ranges using a two-sample Welch’s t-test.

Prediction 2: Estimating woodrat survival

To test Prediction 2, we monitored survival with radio
transmitters and assessed cause-specific mortality. We
selected a subsample of the woodrats caught within
seven of the eight occupied spotted owl home ranges
(three homogeneous, four heterogeneous) during our
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mark-recapture surveys from Prediction 1, along with
other individuals trapped opportunistically among these
and one additional homogeneous home range, for sur-
vival monitoring. In 2020 and 2021, we fit woodrats
weighing above 120 g with VHF collars (Lotek Model
TW-5, 10 g; Lotek Wireless Inc., Newmarket, Ontario,
Canada or Telenax Model TXE-116C, 6 g; Titley
Scientific, Columbia, Missouri, USA) equipped with
onboard activity sensors, which allowed us to detect
mortality events shortly after they occurred. Within
2 days of collar deployment, we tracked individual
woodrats to their nests (hereafter “middens”) and
recorded relevant information about each area. We
assigned habitat designations (open, young, mature) for
all collared individuals based on where the midden was
located, not where they were trapped—although these
were typically the same habitat type.

We initiated VHF monitoring in 2020 in the week of
14 June and in 2021 in the week of 11 May. We located
collared woodrats one to two times per week and
recorded status (alive, dead, missing/collar failure) on
each occasion from the first capture until death, disap-
pearance, or the end of the study (17 October 2020 or
11 September 2021). We also performed monthly midden
checks—repeating triangulation of collared woodrats to
middens—to ensure that an individual had not perma-
nently dispersed during our monitoring period. If a signal
for a woodrat collar disappeared, we set traps outside of
its midden for several days. In all but one incident, the
source of the lost signal was a dead collar battery—in
these cases, the individual was recaptured alive, the col-
lar removed, and monitoring ended.

Once an inactive signal was detected, we immediately
recovered the collar. We recorded images and took
detailed notes for each mortality event, including loca-
tion, habitat type, distance to midden, and state of collar,
to assess cause of mortality. Avian predation was consid-
ered the cause of death if the collar was recovered with
minor damage under a spotted owl nest tree or perch site
with whitewash and/or viscera in the vicinity; while
other raptor species were present in our study area, we
attributed avian predation to spotted owls given that all
sites were owl-occupied, mortalities occurred at night,
and all recovered collars were found in close proximity to
active spotted owl nest sites. Additionally, woodrats are
the most common spotted owl prey and are rarely con-
sumed by other predators of a similar size class (e.g., red-
tailed hawk, Buteo jamaicensis). Mammalian predation
was considered the cause of death if the collar was recov-
ered in more open, brushy habitat absent any roosting or
perching trees, with considerable damage and teeth
marks to the collar. Finally, if the collar was tracked to a
midden with a mortality signal active, we set traps for

several days to ensure that the collar was not
malfunctioning and the individual was not alive—after
which it was determined to be a mortality of unknown or
of natural cause (e.g., age, nutritional deficiency, disease)
and not a predation event.

We estimated weekly woodrat survival rates by
constructing known-fate models in the program MARK
(White & Burnham, 1999), with a staggered entry design
to allow introduction of individuals throughout the study
(Pollock et al., 1989). We analyzed two sets of known-fate
models, one considering all mortality events and one only
including mortalities that were attributed to avian (likely
spotted owl) predation. In 2020, we constructed encoun-
ter histories from 14 June until 17 October; in 2021, we
constructed encounter histories from 9 May until
11 September. We set Sunday as the start of each sam-
pling week and introduced covariates relative to habitat
type, home range composition, month, year, and distance
to owl nest tree or territory center and considered a cate-
gorical effect relative to each unique home range.

Prediction 3: Estimating woodrat consumption
rates by owls

We directly observed prey deliveries to dependent young
by nesting spotted owls within home ranges classified as
either homogeneous or heterogeneous. We used Global
Positioning System (GPS) tagging and nest-video monitor-
ing data collected and described previously by Zulla et al.
(2022). Briefly, in 2019 and 2020, breeding spotted owls
were located as part of ongoing work within the EDSA
and SSA (Hobart, Roberts, et al., 2019; Roberts et al., 2017;
Zulla et al., 2022), and 15 nesting males were captured and
GPS tagged (five in 2019, 10 in 2020). Infrared video cam-
eras (AXIS Q1786-LE 4; Axis Communications AB, Lund,
Sweden) were placed at the nest sites of these individuals,
secured to an adjacent tree with a clear view of the nest.
These cameras continuously recorded high-quality video
throughout the nocturnal foraging period (20:00–06:30
pacific daylight time). All video footage was reviewed, and
prey deliveries to the nest were identified to species when-
ever possible. We detected 26 larger-bodied prey deliveries
over the course of monitoring that could not be identified
to species; these were split relatively evenly among homo-
geneous and heterogeneous sites, and we do not believe
that excluding these from our count of woodrat deliveries
compromised any results. We estimated woodrat delivery
rates (in number delivered per hour) and scaled these to
monthly estimates with bootstrapped CIs. We conducted a
two-sample Welch’s t-test to determine differences in
mean monthly woodrat delivery rates between homoge-
neous and heterogeneous home ranges.
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We corroborated the previously described estimates
of monthly woodrat consumption rates in homoge-
neous and heterogeneous home ranges by multiplying
per-capita mortality rates scaled to monthly values
(Prediction 2) with woodrat abundance estimates for
each home range within our landscape composition
categories (Prediction 1). We calculated SE and 95% CI
for these values using the Delta method (Powell, 2007).
We then conducted a two-sample Welch’s t-test to test
for differences in monthly woodrat consumption rates
between homogeneous and heterogeneous home
ranges. We corroborated these estimated mortality
rates with those derived from nest camera data by
conducting a one-way ANOVA with two factors: esti-
mation method (nest camera or known-fate estimates)
and landscape composition (heterogeneous or homoge-
neous). This allowed us to determine whether the
number of monthly woodrat mortalities differed
between our methods of estimation.

Prediction 4: Estimating biomass delivery rates
by owls

To estimate total biomass delivery rates (in grams per
unit time), we used nest video data described in
Prediction 3 and considered all prey deliveries. To con-
vert number of prey items into biomass rates, we used
mean values for body mass of each prey item collected
and described in Zulla et al. (2022). Briefly, mean values
for mass of woodrats and Humboldt flying squirrels
(Glaucomys oregonensis) were estimated using regurgi-
tated pellets collected from previous studies in the
EDSA. Skull and mandible measurements of skeletons
from these pellets were compared to those of museum
specimens for which masses were available, and predic-
tive relationships between mass and skull measure-
ments were quantified to determine estimates of body
mass for each skeleton collected from pellets. The esti-
mated mean body mass of woodrats was 187.4 g (range
110.9–271.2 g), while that of flying squirrels was 98.8 g
(range 80.2–117.2 g). Other prey species were assigned a
mass based on the midpoint of mass ranges in the litera-
ture (e.g., mouse 20 g; Reid, 2006). Finally, if the species
of a prey delivery could not be determined, then it was
assigned to a size class (extra small: 5.3 g, small: 47.5 g,
medium: 175 g, large: 205 g), with the corresponding
mass derived from the average mass of species within
this size class.

We summed deliveries of all species or size classes
and converted these into biomass values, then standard-
ized them to biomass delivery rates (in grams delivered
per hour) and scaled these to monthly estimates. We also

conducted two-sample Welch’s t-tests to determine
whether there were differences in delivery rates of each
prey group and total biomass delivery between homoge-
neous and heterogeneous home ranges.

Results

Prediction 1: Higher woodrat abundance within
heterogeneous home ranges

Over the two field seasons, we deployed 22 grids of
64 traps each among eight spotted owl home ranges
(four heterogeneous, four homogeneous) for a total of
8448 trap nights and captured 236 unique individuals a
total of 460 times. Our most supported mark-recapture
model for woodrat abundance suggested a behavioral
response to capture, as p = 0.12 (95% CI: 0.07, 0.20) and
c = 0.33 (95% CI: 0.30, 0.37), with neither parameter
varying as a function of sampling year, habitat type, or
landscape composition. Several other models occurred
within 2 AICc, yet all included uninformative parameters
(Arnold, 2010) so were deemed noncompetitive (Table 1).

Woodrat density was greatest in young forest (215.3
woodrats/km2; 95% CI: 156.0, 359.0) and mature forest in
heterogeneous home ranges (134.2 woodrats/km2;
95% CI: 97.9, 220.0), followed by mature forest in
homogeneous home ranges (57.8 woodrats/km2; 95%
CI: 42.0, 95.7), with the lowest densities in open area
(9.5 woodrats/km2; 95% CI: 5.8, 31.2; Figure 3). Extrapo-
lating woodrat density estimates relative to the area of
each habitat type within owl home ranges, woodrat
abundance was ~2.5 times higher (t6 = 14.92, p < 0.001)
in heterogeneous home ranges (N̂H = 1805.0 woodrats;
range: 1662.3–1897.8) than homogeneous home ranges
(N̂O = 727.3 woodrats; range: 648.9–817.9).

TABL E 1 Top Huggins closed-capture models for estimating

dusky-footed woodrat (Neotoma fuscipes) abundance in 2020 and

2021 in the central Sierra Nevada, California, USA.

Covariate(s) AICc ΔAICc w k

p(.), c(.) 1535.607 0.000 0.260 2

p(year), c(.) 1536.610 1.003 0.158 3

p(.), c(t) 1536.775 1.168 0.145 6

p(.), c(year) 1537.439 1.831 0.104 3

p(t) = c(t) 1537.517 1.909 0.100 6

Note: Information includes model covariates for initial capture probability

(p) and recapture probability (c), ranked by AICc (Akaike’s information
criterion adjusted for small sample size) and compared by ΔAICc (difference
in AICc between a model and the top-ranked model), w (model weight), and
k (number of parameters).
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Prediction 2: Higher woodrat mortality within
mature forests and homogeneous home ranges

We radio-collared and monitored 108 woodrats (35 in
2020, 73 in 2021) within eight owl home ranges (four het-
erogeneous, four homogeneous) and compiled a total of
1030 weekly monitoring records. Collars were deployed
evenly among three of the four habitat classes (37 mature-
homogeneous, 36 mature-heterogeneous, 35 young).
Woodrats were not collared in open areas given the low
densities that occurred in this vegetation type. We
observed minimal dispersal over the survey period. During
monthly checks, only two individuals moved to a different
midden with an average dispersal distance of 90 m, and
neither of these individuals dispersed to a different habitat
type. We confirmed 12 mortalities over the course of our
study: three from avian (and presumably spotted owl) pre-
dation, three from mammalian predation, and six from
nonpredation events.

The top model for woodrat survival contained only an
intercept, indicating that woodrat survival rates did not
vary by landscape composition, among habitat types, or
year. Models including covariates for sampling year and
habitat type were within 2 AICc yet involved

uninformative parameters (Arnold, 2010), so they were
deemed noncompetitive (Table 2). Weekly woodrat sur-
vival relative to all mortality sources was low (ŝ = 0.988;
95% CI: 0.980, 0.993), while weekly survival relative to
avian (likely spotted owl) predation alone was even lower
(ŝ = 0.997; 95% CI: 0.991, 0.999). While we did not detect
an effect of habitat on survival rates, all three mortalities
from avian predation occurred within mature forest (two
mature-heterogeneous, one mature-homogeneous).

F I GURE 3 Estimated density (±95% CI) of dusky-footed woodrats (Neotoma fuscipes) in 2020 and 2021 within habitat types in the

central Sierra Nevada, California, USA. Density is shown as number of woodrats per square kilometer in open habitat, young forest, and

mature forest within home ranges classified as heterogeneous and homogeneous.

TABL E 2 Top known-fate survival models for estimating

dusky-footed woodrat (Neotoma fuscipes) survival in 2020 and 2021

in the central Sierra Nevada, California, USA.

Covariate(s) AICc ΔAICc w k

Null 132.721 0 0.319 1

Year 133.942 1.221 0.173 2

Habitat 134.241 1.520 0.149 2

Landscape 134.725 2.004 0.117 2

Year + Habitat 135.419 2.697 0.082 3

Note: Information includes model covariates, ranked by AICc (Akaike’s
information criterion adjusted for small sample size) and compared by

ΔAICc (difference in AICc between a model and the top-ranked model),
w (model weight), and k (number of parameters).
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Prediction 3: Greater woodrat consumption by
owls in heterogeneous home ranges

We monitored 15 nesting owl pairs over 115 days for
1173.3 total monitoring hours. One camera was
removed from analysis due to limited deployment
duration (10.5 h). We confirmed 306 prey delivery
events and identified 243 deliveries to species. Of these,
we identified 93 individual deliveries of woodrats
(i.e., 30.4% of all deliveries of known species) to owl
nestlings. From the video-based nest delivery data we
estimated a consumption rate of 22.8 woodrats per
month (95% CI: 13.5, 34.5) across all home ranges, with
greater monthly consumption in heterogeneous
(x̄ = 32.4 woodrats/month; 95% CI: 19.2, 48.8) versus
homogeneous (x̄ = 13.3 woodrats/month; 95% CI: 5.2,
25.4) home ranges (t12 = 1.85, p = 0.09; Figure 4),
significant at the α = 0.1 but not 0.05 level. Based on
our combined data from Predictions 1 and 2, we
estimated an average mortality rate relative to avian
(likely spotted owl) predation of 20.2 woodrats per
month (95% CI: 14.1, 26.4) across all home ranges,
with a greater number of monthly mortalities in

heterogeneous (x̄ = 28.8 woodrats/month; 95% CI:
27.2, 30.0) versus homogeneous (x̄ = 11.6 woodrats/
month; 95% CI: 10.2, 13.0) home ranges (t6 = 14.92,
p < 0.001; Figure 4). This corroborated estimates from
nest camera data, as there were no significant differ-
ences in woodrat consumption rates in homogeneous
or heterogeneous home ranges between estimation
methods (ANOVA: p = 0.71).

Prediction 4: Greater biomass delivery by owls
within heterogeneous home ranges

In addition to woodrats, we confirmed deliveries of 90 fly-
ing squirrels, 30 Peromyscus spp., four voles, two pocket
gophers, two moles, one bird, and one bat among the
306 confirmed deliveries. Another 63 deliveries were not
identified to species but were grouped into size class to
allow for biomass estimates; of these, nine were extra
small, 19 were small, nine were medium, and 26 were
large. The remaining 20 prey deliveries were not
categorized into size classes. While woodrat consumption
was much greater among spotted owls occupying

F I GURE 4 Estimated monthly consumption rate (±95% CI) of dusky-footed woodrats (Neotoma fuscipes) by spotted owls

(Strix occidentalis) within the central and northern Sierra Nevada, California, USA, derived from monitoring and mark-recapture data

(survival monitoring) or nest camera data (nest camera) within home ranges classified as heterogeneous or homogeneous.
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heterogeneous home ranges (see preceding discussion),
we found no effect of landscape composition on the deliv-
ery frequency of flying squirrels (t12 = 0.14, p = 0.89) or
all other alternative prey combined (t12 = 0.80, p = 0.44;
Figure 5A). Accordingly, flying squirrel biomass was simi-
lar in heterogeneous (x̄ = 2705.9 g/month) versus homo-
geneous (x̄ = 2553.6 g/month) home ranges. Further,
while spotted owls consumed an additional 1000 g/month
of other prey in homogeneous (x̄ = 3176.1 g/month)
versus heterogeneous (x̄ = 2139.6 g/month) home ranges
(Figure 5B), this difference was not enough to compensate
for the 2.5 times greater consumption of woodrat
biomass in heterogeneous (x̄ = 6055.6 g/month) versus
homogeneous (x̄ = 2485.8 g/month) home ranges.
Specifically, owls delivered total biomass at a rate
1.3 times greater (2685.6 more g/month) in
heterogeneous (x̄ = 10,901.1 g/month) versus homoge-
neous (x̄ = 8215.5 g/month) home ranges (Figure 5B).

DISCUSSION

We demonstrated that landscape-scale heterogeneity in
vegetation types including young forest refuges increased
the abundance and availability of woodrats that, in turn,
provided energetic and potentially reproductive benefits
to mature forest-associated spotted owls, thus providing
strong empirical support for the hypothesis that prey ref-
uges can benefit predators in heterogeneous landscapes.
While previous theoretical and laboratory-based research
suggested that landscape heterogeneity including patches
of prey refuges could profoundly affect predator–prey
dynamics, these approaches typically involved highly
simplified conditions, were used at the patch rather than
landscape scale, or failed to account for alternative prey
(Juliano et al., 2022; Ryall & Fahrig, 2006). Thus, our
findings provide some of the first evidence from natural
systems that promoting landscape heterogeneity may

F I GURE 5 Estimated monthly prey delivery rate by prey species (A) and biomass (B) in 2019 and 2020 by spotted owls

(Strix occidentalis) within heterogeneous and homogeneous home ranges within the central and northern Sierra Nevada, California, USA.

Horizontal dashed lines in (B) represent the estimated metabolic cost to produce and raise one, two, or three young for a nesting owl pair,

derived from Ward Jr. et al. (1998) and Weathers (1996).
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provide co-benefits to both predator and prey populations
and constitute an effective strategy for conserving endan-
gered predators.

Young forests promote woodrat abundance
within heterogeneous landscapes

As predicted, woodrat abundance was ~2.5 times greater
in heterogeneous than homogeneous spotted owl home
ranges, in large part because of the greater woodrat densi-
ties in young forests that were more prevalent in heteroge-
neous home ranges. While sample sizes of spotted owl
home ranges were modest in our abundance and prey
delivery analyses, the effects of landscape composition on
these measures were large and occurred in directions con-
sistent with our a priori understanding of the system—
such that we do not believe limited sample size
compromised our inferences. The finding that woodrat
densities in young forests were considerably greater than
in mature forests was consistent with previous studies
(Sakai & Noon, 1993; Ward Jr et al., 1998), as were low
densities in open areas with little vegetation cover
(Cranford, 1977). Young forest likely confers benefits to
woodrat populations by providing higher-quality food
resources owing to a greater diversity and abundance of
flora (Carraway & Verts, 1991; Sakai & Noon, 1993), a
more stable microclimate (Atsatt & Ingram, 1983), struc-
tures and materials required for nest building (Innes et al.,
2007), and cover that reduces predator risk (Sakai & Noon,
1997). In particular, while black oak acorns represent a
preferred food item (Innes et al., 2007), woodrats consume
a variety of fruits, nuts, and fibrous woody plants—many
of which occur in greater densities within young forest
and are not subject to inconsistent mast production
(Carraway & Verts, 1991; McEachern et al., 2006). High
woodrat densities in young forest, whether the result of
resource availability or reduced predation, may have
supported woodrat populations in nearby mature forests
as evidenced by the 2.3 times greater densities we esti-
mated for mature forests within heterogeneous compared
to homogeneous home ranges (Figure 3). Indeed, high
densities and associated intraspecific competition in young
forest patches may lead to increased dispersal from these
source populations that recruit into lower-density mature
forest patches (Hansen et al., 2019; Sakai & Noon, 1997), a
process expected to be weaker in homogeneous spotted
owl home ranges containing less young forest.

Counter to our predictions that woodrat survival rates
would be greater in young forests and heterogeneous
(prey-dense) home ranges, we observed no difference in
survival among vegetation or landscape types, either over-
all or from presumed spotted owl predation. This result

contrasts with a previous study that found lower survival
within mature forest patches, likely due to higher
predation rates from spotted owls (Sakai & Noon, 1997).
However, mortality rates were uniformly very low, both
overall and from spotted owl predation, which may have
limited our ability to detect differences in survival rates
among vegetation or landscape types statistically. Of note,
all presumed spotted owl predation events observed in this
study occurred in mature forest: one in mature homoge-
neous and two in mature heterogeneous—similar to obser-
vations by Sakai and Noon (1997). As such, the balance of
evidence indicates that young forests, to a degree, act as
woodrat refuges from spotted owl predation. However,
young forests almost certainly harbored relatively high
woodrat densities primarily because they provided greater
resource availability given the marked difference in densi-
ties yet similar predation rates among habitat types.
Spotted owl predation exerted little to no top-down pres-
sure on woodrat populations given the very low estimated
per-capita predation rates, even in mature forests—
suggesting that high densities in young forests are driven
as much, and likely more, by bottom-up processes.

Landscape heterogeneity promotes
woodrat consumption by spotted owls

Spotted owls consumed more woodrats in heterogeneous
than homogeneous landscapes, presumably because of
greater woodrat abundance—with nest video monitoring
and population-based approaches yielding very similar
estimates of woodrat consumption rates. This finding
supports previous analyses via stable isotopes that the
proportion of woodrats present in spotted owl diets
increases with forest heterogeneity (Hobart, Jones, et al.,
2019). Spotted owls in our study exhibited a type I func-
tional response (i.e., prey consumption rate increases lin-
early with prey density; Holling, 1959) given they
consumed 2.5 times more woodrats in heterogeneous
home ranges, which themselves contained a 2.5 times
greater abundance than homogeneous territories. The 1:1
relationship between woodrat consumption and abun-
dance suggests that spotted owls are consuming more
woodrats in heterogeneous home ranges because of
higher encounter rates rather than kill rates. Regardless
of the mechanism, the linear functional response indi-
cates that vegetation management promoting woodrat
populations can, under appropriate conditions, lead to
direct increases in woodrat acquisition by spotted owls.

As expected, lower delivery rates of woodrats by spot-
ted owls to their nests in homogeneous home ranges
containing fewer woodrats reduced overall biomass deliv-
ery rates (Figure 5B). Further, owls in homogeneous
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home ranges only partially reconciled the deficit of
decreased woodrat deliveries with alternative prey
(Figure 5A). Thus, the “reduction” in mature forest spot-
ted owl habitat in heterogeneous landscapes did not
come at a cost to, but rather benefited, spotted owl prey
acquisition. Spotted owls likely attempt to maximize
energy gain by selecting prey that most efficiently bal-
ance foraging costs with the benefits of prey consumption
(Sih, 2005; Stephens & Krebs, 1986). Reliance on smaller
and less dense prey, such as flying squirrels, or very small
species, such as mice, may incur costs, including
increased energetic expenditures associated with prey
searching or reduced biomass delivery rates (Moorhouse-
Gann et al., 2020; Ruiz-Olmo & Jiménez, 2009). In con-
trast, consuming a greater proportion of larger-bodied
and densely distributed prey such as woodrats can reduce
these costs (McNab, 1963) or increase biomass delivery
rates, with benefits for occupancy, space use, and even
population growth (Coulson et al., 2006; Hobart, Roberts,
et al., 2019; Wendland, 1984).

To explore potential fitness outcomes associated with
increased biomass delivery rates in heterogeneous home
ranges, we estimated the energetic cost of a nesting spot-
ted owl pair to produce and raise one, two, or three
young and converted this into monthly prey biomass
values based on Ward Jr et al. (1998) and Weathers
(1996) (Appendix S1: Section S2). Based on these calcula-
tions, we estimated that spotted owls GPS-tagged in
homogeneous landscapes captured and delivered enough
biomass to produce and raise approximately two young,
whereas owls in heterogeneous landscapes met the ener-
getic costs of raising approximately three young
(Figure 5B). While we were not able to assess whether
greater prey biomass delivered to nests translated directly
to fitness benefits in this study population given our sam-
ple size and the uncertainty surrounding estimates drawn
from a number of variables, food supplementation has
increased reproductive performance in many avian spe-
cies, including owls, in controlled experiments
(Korpimäki, 1992; Ruffino et al., 2014). Thus, we consider
it likely that prior observations of higher spotted owl
reproduction in heterogeneous home ranges (Franklin
et al., 2000) and home ranges containing more young for-
est and hardwoods (Hobart, Roberts, et al., 2019) were
the result of greater woodrat abundance and consump-
tion by owls, as suggested by these authors.

CONCLUSIONS AND MANAGEMENT
IMPLICATIONS

Spotted owls depend on mature forests for nesting
(Moen & Gutiérrez, 1997; North et al., 2000) and often

forage within forests characterized by large trees
(Zulla et al., 2022). Nevertheless, our results suggest that
promoting landscape heterogeneity could benefit spotted
owl populations in parts of their range where woodrats
are important prey. Heterogeneity is a natural feature of
many dry forest ecosystems occupied by spotted owls
and was maintained historically by frequent and
predominantly low- to moderate-severity fires and
smaller high-severity burned areas resulting from natural
and Indigenous sources (Hoffman et al., 2021;
McLauchlan et al., 2020). These forests, then, were typi-
cally characterized by larger stands of comparatively
open but large-tree-dominated forests interspersed with
smaller patches of early successional shrub and young
forest (Boisramé et al., 2017) that presumably harbored
dense woodrat populations (Innes et al., 2007; Sakai &
Noon, 1993). However, more than a century of fire sup-
pression coupled with the historic selective logging of
large trees has created denser, more homogeneous forests
with fewer early successional patches and large trees
(North et al., 2017). While our landscape classification
did not include old-growth forest as a standalone cate-
gory, our results suggest that the homogenization of these
forests has reduced the abundance of woodrats and their
consumption by spotted owls—and come at a cost to
overall prey acquisition and potentially reproductive suc-
cess. This conclusion is supported by a constellation of
previous studies indicating that spotted owls (1) forage
and capture woodrats at the edge of young and mature
forests (Kramer, Jones, Kane, et al., 2021; Sakai & Noon,
1997; Zulla et al., 2022); (2) consume a greater proportion
of woodrats in more heterogeneous landscapes based on
stable isotope analyses (Hobart, Jones, et al., 2019);
(3) have smaller home ranges, higher territory occupancy
rates, and higher densities in areas where they consume
more woodrats (Hobart, Jones, et al., 2019; Zabel et al.,
1995); and (4) can have higher reproductive rates in het-
erogeneous landscapes (Franklin et al., 2000), including
those that contain a relatively high proportion of young
forest with hardwoods (Hobart, Roberts, et al., 2019).

As such, our findings, in conjunction with those of
previous studies, indicate that promoting landscape het-
erogeneity characterized by a mosaic of mature and
young forests could help ameliorate the population
declines observed in some areas by enhancing prey avail-
ability (Conner et al., 2016; Tempel et al., 2014). This con-
dition could be achieved through active management
that incorporates fire use and timber harvest strategies
that mirror the fine-scale forest loss and recruitment
events typically supported by historical disturbance
regimes (Collins et al., 2017). Such strategies could
continuously create small patches of open habitat that
regenerate into future young forest following planting or
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natural reseeding, emulating a natural mosaic of
vegetation types. By mimicking historical processes of
disturbance-prone forests, including those in western
North America, the “managed dynamics” approach to
conservation can maintain critical wildlife habitat
(Gaines et al., 2022; Steel et al., 2022), although it
requires continuous action to balance successional
changes within regenerating patches (Steel et al., 2022).
Our work demonstrating the benefits of heterogeneity to
spotted owls, mediated by woodrat availability, was
conducted in landscapes containing, in addition to
national forests, privately owned lands managed for com-
mercial timber production that yield a relatively high
proportion of such young forests in patches tens of acres
in size. While national forests are increasingly managed
with an emphasis on fuel reduction intended to restore
lower-severity fire regimes, this strategy can produce
stands of younger forests in small, severely burned
patches only if small high-severity patches are acknowl-
edged and planned for as a desired outcome. Thus, the
current emphasis on the restoration of historical fire
regimes and historical forest structure (e.g., individual
trees, clumps, and openings) from active harvest and
burning strategies is likely to benefit spotted owl
populations by creating high-density woodrat refuges
adjacent to mature forest, while also reducing the risk of
megafires that render large areas unsuitable for spotted
owl foraging (Jones et al., 2016, 2020). Our work
provides yet further evidence that the conservation of
spotted owls and promotion of forest ecosystem resilience
are compatible rather than conflicting objectives
(Jones et al., 2022)—a perception that has constrained
forest restoration in these highly vulnerable ecosystems
(Collins et al., 2010).

We suggest that our findings have implications for spe-
cies and ecosystems beyond the forests of western North
America as historical and contemporary land-use practices
have homogenized forests worldwide (Collins et al., 2017;
Sapkota et al., 2021; Schulte et al., 2007). Human activities,
including timber extraction, agricultural intensification,
afforestation, and severe fires, have created ecological pat-
terns without historical equivalent across all forest biomes
(Seastedt et al., 2008). These departures from historical
landscape conditions can alter the availability, predictabil-
ity, and distribution of resources (Ullmann et al., 2018)
and are increasingly recognized as a global threat to biodi-
versity and ecosystem function, particularly among species
adapted to naturally complex ecosystems (Anile et al.,
2019; Riley et al., 2003). For predators, landscape simplifi-
cation can cause declines in prey diversity and abundance
(Benedek & Sîrbu, 2018; Cramer & Willig, 2002), with con-
sequences for behavior, space use, and demography
(Parsons et al., 2022). However, despite the fact that

species at higher trophic levels may be most impacted by
landscape-scale changes such as homogenization due to
space and resource needs (Ripple et al., 2014), these effects
have often been overlooked in studies of predators
inhabiting human-altered environments (Ryall &
Fahrig, 2006).

Here, we provide empirical evidence demonstrating
the mechanisms whereby landscape-level processes alter
prey availability to predators and explore a trophic-driven
fitness consequence of landscape simplification. We rec-
ommend the promotion of management strategies that
preserve and restore historical heterogeneity and also
highlight the importance of considering spatial scale,
habitat associations, and predator mobility in future stud-
ies on predator–prey interactions. There is a growing
drive to understand and incorporate ecological complex-
ity within conventional restoration approaches (Bullock
et al., 2022), and our results show that understanding the
role of landscape heterogeneity in predator–prey dynam-
ics can benefit predator conservation worldwide.
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