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Abstract

Context Climate and land-use change have led to

disturbance regimes in many ecosystems without a

historical analog, leading to uncertainty about how

species adapted to past conditions will respond to

novel post-disturbance landscapes.

Objectives We examined habitat selection by spot-

ted owls in a post-fire landscape. We tested whether

selection or avoidance of severely burned areas could

be explained by patch size or configuration, and

whether variation in selection among individuals

could be explained by differences in habitat

availability.

Methods We applied mixed-effects models to GPS

data from 20 spotted owls in the Sierra Nevada,

California, USA, with individual owls occupying

home ranges spanning a broad range of post-fire

conditions after the 2014 King Fire.

Results Individual spotted owls whose home ranges

experienced less severe fire (\ 5% of home range

severely burned) tended to select severely burned

forest, but owls avoided severely burned forest when

more of their home range was affected (* 5–40%).

Owls also tended to select severe fire patches that were

smaller in size and more complex in shape, and rarely

traveled[ 100-m into severe fire patches. Spotted

owls avoided areas that had experienced post-fire

salvage logging but the interpretation of this effect was

nuanced. Owls also avoided areas that were classified

as open and/or young forest prior to the fire.

Conclusions Our results support the hypothesis that

spotted owls are adapted to historical fire regimes

characterized by small severe fire patches in this

region. Shifts in disturbance regimes that produce

novel landscape patterns characterized by large,

homogeneous patches of high-severity fire may neg-

atively affect this species.
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Introduction

Disturbance regimes create and maintain the charac-

teristic vegetation patterns and dynamics to which

animals are adapted in ecological systems (Lytle 2001;

Betts et al. 2019). Climate and human land use change

have led to modern disturbance regimes in many

ecosystems that do not have a historical analog (Seidl

et al. 2016), giving rise to novel post-disturbance

landscape mosaics and altered regeneration pathways

(Johnstone et al. 2016). Landscapes experiencing

novel disturbance regimes are often characterized by

changes in vegetation composition, patch size, and

configuration that are expected to change selection

pressures, which can affect the behavior and fitness of

individual organisms (Karr and Freemark 1985).

Responses to changing disturbance regimes vary

among taxa (Elmqvist et al. 2003), but are likely to

depend on the species’ degree of habitat specialization

as well as the extent to which these novel disturbances

affect resources that limit individuals and populations

(e.g., nesting or denning sites, primary prey/food)

(Clavero et al. 2011). Therefore, the way in which

individuals and populations select or avoid conditions

in novel post-disturbance landscapes may offer

insights into the ability of species to persist in

landscapes experiencing changing disturbance

regimes.

Wildfire is an important disturbance regime that is

changing worldwide (Turner 2010; Seidl et al. 2017),

and is considered to be a significant evolutionary force

(Bond and Keeley 2005; Pausas and Parr 2018; Foster

et al. 2020). The dry forests of western North America

appear to be experiencing changes from a historically

frequent-fire regime that consisted of predominately

lower-severity fire with a relatively small component

of high-severity fire by comparison (Stephens and

Collins 2004; Steel et al. 2015; Safford and Stevens

2017), to one where fires have become larger and more

severe (Steel et al. 2015; Abatzoglou and Williams

2016; Westerling 2016). More frequent ‘megafires’ in

western dry forests are generally thought to be the

consequence of a century of fire suppression, which

increased landscape fuels (Stephens et al. 2014;

Collins et al. 2017a), and anthropogenic climate

change, which produced conditions enhancing fire

risk (Diffenbaugh et al. 2015). As a consequence, the

patch structure in post-fire landscapes is increasingly

characterized by homogeneous large patches of

severely burned areas (Collins et al. 2017b; Stevens

et al. 2017). Decreased heterogeneity in post-fire

conditions (i.e., more homogeneously severe burned

areas) may influence the behavior and space use of

species that have evolved to exploit more heteroge-

neous environments and ultimately reduce individual

fitness and population abundance.

Forest-dependent species inhabiting dry forests in

western North America evolved under a frequent-fire

regime that created diverse mosaics of post-fire

conditions and thus have developed life history

strategies to accommodate the structural and land-

scape heterogeneity created by fire. One of the more

well-known of these species is the spotted owl (Strix

occidentalis), an older-forest associated raptor that

inhabits dry forests in portions of its geographical

range that has been the focus of forest management

conflict in the western United States for several

decades (Simberloff 1987; Redpath et al. 2013;

Gutiérrez et al. 2015). Recently, this conflict has

shifted from ‘‘owls versus jobs’’ to ‘‘owls versus forest

restoration’’—a seemingly intractable conflict

between efforts to increase resilience of seasonal dry

forests and the conservation of spotted owl habitat

(Peery et al. 2019; Stephens et al. 2019). A key feature

of the current conflict involves the potential effects of

large, severe wildfires on spotted owls. If such fires

render forests unusable by spotted owls and thereby

adversely affect owl populations, then fuels reduction

activities (e.g., mechanical removal of small and

medium trees, prescribed fire, andmanaged fire) might

benefit this species by reducing severe fire impacts, if

fuels reduction activities have minimal negative

effects to owls (Peery et al. 2017). However, there is

considerable disagreement in the literature regarding

these tradeoffs and this has led to uncertainty about

how to manage forests (Ganey et al. 2017; Lee 2018).

Uncertainties about how spotted owls respond to

severe fire may resolved, in part, by (i) distinguishing

between the mean, population-level response and

variation in responses by individual owls that expe-

rience a range of post-fire conditions, and (ii) explic-

itly incorporating the role of the spatial configuration

of severe fire (e.g., patch size and shape), which has

not been the focus of previous studies (Ganey et al.

2017). Resource selection functions (RSFs) offer an

analytical method for characterizing selection or

avoidance of resources (hereafter ‘habitat’; i.e., cover

types) that are available to individuals or populations
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(Manly et al. 2002). It is often assumed when using

RSFs that individuals will select (or avoid) habitats in

the same way (i.e., habitat selection is a constant

function of habitat availability; Mysterud and Ims

1998). However, the strength of habitat selection or

avoidance can vary strongly in both direction and

magnitude among individuals within a population, so

accounting for individual variation in selection pat-

terns is important for statistically rigorous testing of

population-level selection (Duchesne et al. 2010).

Individual-specific habitat selection may vary as a

function of habitat availability, a phenomenon known

as a ‘‘functional response’’ in habitat selection (Mys-

terud and Ims 1998; Hebblewhite and Merrill 2008;

Matthiopoulos et al. 2011; Aarts et al. 2013). Testing

for functional responses may give insights into how

individuals respond across a gradient of habitat

conditions—including novel landscape conditions

and configurations—and allow explicit testing of

hypotheses about the effects of increasing novelty

caused by either climate change or human impacts on

habitat selection.

We used mixed-effects RSFs to examine both

individual- and population-level habitat selection

(Muff et al. 2020) in GPS-tagged California spotted

owls (S. o. occidentalis) occupying home ranges

containing a wide range of high-severity fire effects

following a recent California megafire (2014 King

Fire; Jones et al. 2016). We examined the potential

effects of fire characteristics (fire severity, pyrodiver-

sity, and severe fire patch size and configuration) on

owls while controlling for potential confounding

factors (pre-fire forest cover), post-fire salvage log-

ging, and the central-place foraging behavior exhib-

ited by spotted owls (Carey and Peeler 1995;

Rosenberg and McKelvey 1999). Because spotted

owls have presumably adapted to frequent-fire

regimes dominated by lower-severity effects (Ganey

et al. 2017; Rockweit et al. 2017), we predicted that

individual owls would avoid severely burned forests

when these areas comprised a large portion of the

home range or occurred in large patches. We also

predicted that spotted owls would select burned areas

with greater pyrodiversity, which would be expected

to create structural and landscape heterogeneity pre-

ferred by owls (Gutiérrez et al. 1995; Franklin et al.

2000). In addition, we tested for the potential effects of

salvage logging in burned forests on habitat use

because previous studies have found that spotted owls

tend to avoid foraging in logged, post-fire landscapes

(Comfort et al. 2016). We tested whether spotted owls

exhibited functional responses to novel habitat condi-

tions by assessing support for interaction terms within

the RSF.

Methods

Study area

The study was conducted in the central Sierra Nevada,

California, USA, as part of a longer-term spotted owl

demographic study on the Eldorado and Tahoe

national forests (Tempel et al. 2016; Jones et al.

2018). The study area was * 50,000-ha in size and

consisted of mixed-use publicly-owned lands

(* 54%) managed by the U.S. Forest Service and

privately-owned lands (* 46%) managed primarily

for timber resources. Elevations ranged from 590 to

2200 m, the climate was Mediterranean with warm,

dry summers and cool, wet winters, and the dominant

vegetation type was Sierran mixed-conifer montane

forest. The elevational range, climate, and species

composition of these forests historically resulted in

frequent fires (mean return interval = 11 years;

range = 5–50 years) of generally lower severity

(5–15% area burned at high-severity), with some

inclusion of smaller (\ 10–100 ha) patches of high-

severity fire (Stephens and Collins 2004; Safford and

Stevens 2017).

In September and October 2014, the King Fire

burned * 40,000 ha of primarily forested land in the

central Sierra Nevada (Jones et al. 2016). Approxi-

mately half (* 20,000 ha) of the King Fire burned at

high-severity ([ 75% canopy mortality), including

very large contiguous patches, making the King Fire

one of the largest and most uniformly severe fires in

recent California history (Stevens et al. 2017). Areas

along the fire boundary and in the southern portion of

the King Fire experienced greater ‘‘mixed-severity’’

fire effects, characterized by a mosaic of low, mod-

erate, and high-severity fire. Post-fire salvage logging

occurred in portions of the burned area (Fig. 1) and the

majority of salvage-logged areas (89%) occurred on

private lands.
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Global positioning system (GPS) data

In 2015–2017, we captured adult spotted owls occu-

pying forests within and near the King Fire perimeter

(Fig. 1) and fitted them with 7–10 g backpack-

mounted dual GPS/VHF units (hereafter ‘‘GPS tags’’)

(Biotrack Ltd., Wareham, UK). We exhaustively

searched the study area to locate owls during daytime

and nocturnal walk-in surveys, and once located we

captured owls using snare poles, hand-grabs, or bal-

chatri traps. All relevant state and federal permits were

obtained prior to capture and handling. In 2015, 2016,

and 2017, we deployed 12, 10, and 4 GPS tags,

respectively (total n = 26). There were no owls

available for GPS tagging within the large, severely

burned patch in the center of the study area (Fig. 1)

because owl territories in that patch went extinct

immediately after the fire (Jones et al. 2016) and were

not re-colonized during the course of the study (G.M.

Jones, unpublished data). Three individual spotted

owls with GPS tags dispersed before data could be

retrieved (two in 2015, one in 2016), so our final

sample size was 23. Of the 23 owls sampled, three

individuals were sampled in consecutive years, which

we accounted for by specifying a random effect for

individual owl. GPS tags were deployed each year in

May and early June and recorded 100–150 locations

during nocturnal hours (1–3 per night; mean = 1.33/

night/owl), and were retrieved in July and August.

When multiple locations were recorded in a single

night, they were pre-programmed to be separated by at

least two hours to reduce spatial autocorrelation. GPS

tags had a median location error of approxi-

mately ± 20-m when data were filtered to include

only those points recorded with C 5 satellites and a

dilution of precision (DOP) B 3 (HA Kramer, unpub-

lished data), so we used only these data in analyses.

Habitat selection analysis

We analyzed our data using mixed-effects RSFs

(logistic regression) with intercepts and slopes that

varied by individual (Duchesne et al. 2010; Muff et al.

2020). Including coefficients that vary by individual

enables explicit modeling of functional responses

(Mysterud and Ims 1998) and reduces biases in

estimated population-level (fixed) effects (Duchesne

et al. 2010; Harrison et al. 2018). Available points

were assigned weight W = 1000 to facilitate approx-

imate convergence to the inhomogeneous Poisson

process likelihood, and we fixed the variance term for

individual-specific intercepts to a large value

(r2 = 1000) to avoid shrinkage toward zero (Muff

et al. 2020). Available area for each individual owl

was defined as a circle with radius equal to the

furthest Euclidean GPS distance from the activity

center (minimum radius = 1654.8 m; maximum =

5165.5 m; mean = 3437.6 m), where the activity

center was the geometric mean of annual daytime

nest and roost locations obtained from walk-in

surveys. We generated 10 times as many available

points as used points for each owl (Hooten et al. 2017).

Available points were distributed uniformly with

respect to distance to the activity center (i.e., all

distances had equivalent point densities).

There were three types of inferences we were

interested in drawing from mixed-effects RSF models.

First, we were interested in understanding how spotted

owl habitat selection was explained by a suite of

environmental predictor variables including pre-fire

Fig. 1 King fire study area, showing the extent of the fire,

severe fire, salvage logging, and locations used by owls
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forest conditions, fire conditions including whether or

not areas burned at high-severity and the diversity of

fire effects (pyrodiversity), and post-fire management

(salvage logging). Second, we were interested in

whether spotted owl use (or non-use) of areas that

burned at high-severity could be explained by spatial

characteristics of those areas, such as severe fire patch

size and configuration. Finally, we wanted to examine

whether there was evidence for functional responses in

habitat selection. With respect to severe fire effects,

these inferences can be viewed as a set of three

sequential or hierarchical questions: do owls select or

avoid severely burned areas; is that selection (or

avoidance) mediated by spatial characteristics of

severely burned areas; are these patterns driven by

variation in the availability of severe fire within

individual home ranges? We therefore examined these

questions in three stages, constructing models in each

stage that allowed us to test the underlying hypothesis

related to each question in sequence.

In the first stage, we fitted a single model containing

covariate effects for distance to activity center, pre-fire

forest cover (sparse/open forest and young forest), and

disturbance-related covariates (severe fire,

pyrodiversity, and post-fire salvage logging) (Table 1).

Each covariate effect was specified as having a fixed

component (population-level coefficient that was

constant across individuals) and a random component

(coefficient varying by individual) following Muff

et al. (2020). The model intercept varied by individual

owl. We expected distance to activity center and pre-

fire forest cover covariates to be important in

explaining space use patterns in spotted owls, but

they were not the central focus of this analysis; we

included them to control for their potential effects.

Distance to activity center was the Euclidean distance

(m) between a given GPS location and the individual’s

geographic activity center. Including distance to

activity center as a model covariate in RSFs of central

place foragers reduces the potential for a positive bias

of selection for habitat types near the central place as

well as a negative bias for habitat types more distant

from the central place (Rosenberg and McKelvey

1999). Preliminary analyses supported the use of a

quadratic (distance ? distance2) form, which we used

in all subsequent models. Pre-fire sparse/open forest

cover was defined as 30 9 30-m pixels with\ 40%

canopy cover in the year prior to the King Fire (2014)

Table 1 Model covariates for habitat selection function (RSF) analysis including the variable description, group, type and range of

values

Variable Description Group Type Range of used

values

Distance to

activity center

The Euclidean distance between a point and the annual activity

center

– Continuous 0–5165 m

Pre-fire sparse/

open forest

Areas with\ 40% canopy cover prior to the King Fire Pre-fire Categorical 0 or 1

Pre-fire young

forest

Areas with[ 40% canopy cover but smaller (\ 25 cm QMD)

average tree size

Pre-fire Categorical 0 or 1

Severe fire Areas that experienced[ 75% canopy mortality following the King

Fire and were not salvage-logged

Disturbance Categorical 0 or 1

Pyrodiversity Shannon Diversity Index of burn severity classes Disturbance Continuous 0–1.38

unitless

Salvage logging Areas that experienced post-fire management that removed standing

and downed trees

Disturbance Categorical 0 or 1

Patch size The area of a contiguous grouping of severely burned forest Patch-based Continuous 0–88.2 km2

Patch complexity The perimeter-to-area ratio of a severe fire patch Patch-based Continuous 0–0.066 m/

m2

Permeation

distance

The distance traveled into a severely burned patch Patch-based Continuous 0–356.3 m

All continuous variables were scaled to a range of 0–1 for model fitting
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as determined using the VEGCLASS variable classes

1 and 2 in the Gradient Nearest Neighbor (GNN) forest

structure dataset for our study area (LEMMA Lab,

Oregon State University, Corvallis, OR; lemma.-

forestry.oregonstate.edu) (Ohmann and Gregory

2002). Pre-fire young forest was also calculated using

the VEGCLASS category of the GNN dataset (classes

3, 5, and 8), defined as 30 9 30-m pixels with[ 40%

canopy cover but with smaller trees (quadratic mean

diameter\ 25 cm). Including pre-fire sparse/open/

young forest vegetation covariates controlled for

potential bias toward avoidance of these forest types,

independent of the post-fire vegetation patterns cre-

ated by the King Fire. We assigned the pre-fire sparse/

open or young forest class to used/available points

when these cover types were the majority class within

a 100-m buffer around a given point location.

Disturbance covariates were severe fire, pyrodiver-

sity, and post-fire salvage logging (Table 1). We

defined severe fire as areas that experienced[ 75%

overstory mortality resulting from the King Fire. We

used the 75% overstory mortality threshold to define

high-severity because it increases our capacity to

compare our results to previous studies (Bond et al.

2009, 2016; Eyes et al. 2017), while acknowledging

that more notable ecological effects may correspond

with a higher (e.g. 90%) threshold (Miller and Quayle

2015; Jones 2019). We treated this covariate as a

categorical effect, such that xij ¼ 1 if the GPS location

for individual i = 1, …, I at location j = 1, …, Ji
occurred in severely burned forest and xij ¼ 0 other-

wise. If a point fell within a severely burned area that

was also salvage-logged (see below), we set the

categorical effect for severe fire to xij ¼ 0 and the

effect for salvage logging to xij ¼ 1. Thus, within our

model the ‘severe fire’ effect can be interpreted as the

selection coefficient for ‘unlogged snag forest’. We

obtained burn severity data from the Monitoring

Trends in Burn Severity (MTBS) project (www.

mtbs.gov). We did not investigate potential selection

patterns related to forests that burned at low- and

moderate-severity because (i) we wanted to limit the

number of candidate variables to reflect key

hypotheses of interest and (ii) previous work has

shown that either they do not affect spotted owls or

owls generally use these types of burned forest in

proportion to their availability during nocturnal hours

(Bond et al. 2009, 2016; Jones et al. 2016; Eyes et al.

2017). Thus, low and moderate burn severities, as well

as unburned forests, were effectively grouped together

in the reference class of our models. However, we did

more explicitly consider low and moderate fire

severity in the context of pyrodiversity, which was

defined as the Shannon Diversity Index of unburned or

unchanged (under 5% site area burned), low severity

(up to 25% overstory mortality), moderate severity

(25–75% overstory mortality), and high-severity (over

75% overstory mortality) classes within a 100-m

buffer of point locations. Based on Google Earth aerial

imagery, we determined that the majority of salvage

operations that occurred within owl home ranges were

completed in late 2014 and early 2015 prior to the

initiation of this study (2015), so we hand-digitized

areas that had been post-fire salvage logged from the

National Agriculture Imagery Program (NAIP) aerial

imagery from July 2016. We delineated polygons

containing visible heavy disturbance (including areas

where logging roads had been created, presumably in

preparation for salvage logging) in areas that burned in

the King Fire, and that had forest present before the

fire. While our delineation of salvage logging was

limited to areas visibly discernable on NAIP imagery,

territory-scale estimates of salvage were highly cor-

related (r = 0.88) with estimates obtained from timber

companies conducting salvage operations within our

study area (HA Kramer, unpublished data). We erased

pre-fire sparse/open forest (GNN) and areas classified

as unburned or outside the fire perimeter so that the

salvage layer only included areas that were forested

pre-fire and disturbed by dense road networks or log-

ging post-fire. Approximately 80% of salvage logging

occurred in areas that experienced high-severity fire.

In the second stage, we explored whether severe fire

patch characteristics affected spotted owl habitat

selection: patch size, patch complexity, and perme-

ation distance (distance an owl traveled into a severely

burned patch) (Table 1). We did so adding covariate

effects for each of the above variables to the stage one

model, and likewise allowed coefficients to vary by

individual owl. Stage two variables were moderately-

to highly-collinear with each other and therefore were

not included in the same model; thus stage two

consisted of three separate RSFmodels. Patch size was

the total area (m2) of a severe fire patch delineated

with the four-neighbor rule (Turner et al. 2001). Patch

complexity was calculated as the perimeter-to-area

ratio of a severe fire patch. Permeation distance was
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the minimum Euclidean distance (m) from a used or

available point occurring within a severe fire patch to

the patch edge (all points outside of severe fire patches

were assigned x = 0). We transformed stage two

variables using the natural logarithm (ln).

In the third stage, we tested for evidence of

functional responses by including an interaction term

between habitat availability at the level of the

individual owl (the mean covariate value in an

individual’s home range for available points) and the

corresponding habitat covariate (sensu Matthiopoulos

et al. 2011; Aarts et al. 2013). For example, to test for a

functional response related to high-severity fire, we

included: (i) a covariate for whether a used/available

point occurred in severely burned forest (0/1; Table 1),

(ii) a covariate that represented the proportion of an

owl’s home range that burned severely (i.e., this

covariate had a constant value for each individual),

and (iii) an interaction between these two covariates. If

the interaction term (slope) was statistically different

from zero, we interpreted this as evidence in support of

a functional response in habitat selection. We trans-

formed habitat availability using the natural logarithm

because functional responses are assumed to be non-

linear (Mysterud and Ims 1998; Hebblewhite and

Merrill 2008; Beyer et al. 2010). We conducted tests

for functional responses among disturbance and patch-

level covariates when individual coefficients (i.e.

random slope variance) improved model fit according

to likelihood ratio tests (see below) from stages one

and two to minimize the potential for spurious

inferences. We note that while using the mean habitat

value within an individual’s home range is common-

place in the literature when computing functional

response (Gillies et al. 2006; Hebblewhite and Merrill

2008; Aarts et al. 2013), the underlying assumption is

that the average value sufficiently describes availabil-

ity. Such an assumption could mask differences

among individuals if the average availability does

not reflect the encounter rate of different habitats

across the landscape (Beyer et al. 2010).

We made inferences about the statistical impor-

tance of fixed effects from their direction (positive/

negative), effect size (magnitude), and uncertainty

(95% confidence intervals), but avoided interpreting

the ‘‘significance’’ of estimates using arbitrary p-value

thresholds when possible (Amrhein et al. 2019). We

determined whether the variance terms for the random

slopes improved model fit (test of H0: r2 = 0) by

performing likelihood ratio tests (LRT) using

restricted maximum likelihood (REML) estimation,

correcting for the ‘testing on the boundary’ problem

using p = 0.5 9 (v1
2 ? v2

2) (Zuur et al. 2009). All

mixed-effects models were fitted using REML (Zuur

et al. 2009). We rescaled all continuous covariates to

range from 0 to 1. We used the R packages glmmTMB

v. 0.2.3 to fit models. All analyses were conducted in

program R version 3.6.0.

Results

Variables describing the central place foraging behav-

ior of owls, pre-fire forest cover, and disturbance

effects were all associated with spotted owl habitat

selection. Population-level (fixed) effects from the

stage one model indicated overall selection for areas

closer to the activity center (bdistance = 1.6, 95%

confidence interval [- 0.19, 3.43]; bdistance
2-

= - 8.25 [- 11.44, - 5.06]). The model also indi-

cated avoidance of pre-fire sparse/open forest (bsparse/
open = - 1.00 [- 1.41, - 0.59]), young forest

(byoung = - 0.32 [- 0.63, - 0.001]), and salvage-

logged areas (bsalvage = - 1.07 [- 1.88, - 0.26])

(Fig. 2a). The estimated coefficient for pyrodiversity

was in the hypothesized direction (positive) but

slightly overlapped zero (bpyrodiversity = 0.49

[- 0.12, 1.09]) (Fig. 2a). Similarly, the coefficient

for the effect of severe fire (binary effect disregarding

patch characteristics) was in the hypothesized direc-

tion (negative) but with confidence intervals that

overlapped zero (bsevere = - 0.35 [- 1.07, 0.37])

(Fig. 2a). While estimated coefficients for pyrodiver-

sity and severe fire overlapped zero when considered

at the population-level (i.e., effect fixed across indi-

viduals), individual-specific coefficients showed a

high degree of variability (Fig. 2b) that improved

model fit (likelihood ratio tests; p\ 0.001). Thus,

while the mean effect of pyrodiversity at the popula-

tion level was 0.49, the deviation from that effect

varied significantly across individuals with an esti-

mated variance of r2 = 1.92 (individual coefficients

ranged from - 1.2 to 2.9) (Fig. 2b). Likewise, while

the mean effect of severe fire at the population-level

was - 0.35, individual-specific deviations from that

effect were considerable (r2 = 2.49; individual coef-

ficients ranged from - 3.4 to 2.8) (Fig. 2b).

123

Landscape Ecol



Selection/avoidance of severely-burned areas by

spotted owls appeared to be mediated by spatial

characteristics of severe fire patches (stage two).

Population-level (fixed) effects for patch size was

negative (bpatchSize = - 0.74 [- 2.01, 0.54]) indicat-

ing spotted owls selected smaller patches of severely-

burned forest, but the 95% confidence interval over-

lapped zero (Fig. 2a). Spotted owls selected severe fire

patches with greater spatial complexity (higher

perimeter-area ratio; bcomplexity = 1.70 [0.69, 2.71])

(Fig. 2a). The population-level effect of permeation

distance was slightly positive (bpermeation = 0.21

[- 3.30, 3.72]) but confidence intervals widely over-

lapped zero (Fig. 2a). While their population-level

coefficient estimates overlapped zero, both patch size

and permeation distance showed significant variation

among individuals; individual-specific coefficients

improved model fit (likelihood ratio tests;

p\ 0.001). While the mean effect of severe fire patch

size at the population level was - 0.74, the deviation

from that effect varied significantly across individuals

with an estimated variance of r2 = 5.15 (individual

coefficients ranged from - 4.22 to 5.4) (Fig. 2b).

Likewise, while the mean effect of permeation

distance (distance traveled into severe fire patch) at

the population-level was 0.21, individual-specific

deviations from that effect were considerable

(r2 = 8.0; individual coefficients ranged from - 5.3

to 28) (Fig. 2b).

The large variation in habitat selection coefficients

among individual owls for severe fire (stage one),

severe fire patch size (stage two), and permeation

distance (stage two) was partially explained by differ-

ences in individual-level habitat availability, indicat-

ing an apparent functional response (FR).

Habitat 9 availability interaction coefficients and

95% confidence intervals for these three variables did

not overlap zero in stage three models testing for

functional responses. Moreover, functional response

curves identified thresholds in habitat availability at

which point predicted individual coefficients changed

sign from positive to negative (the point at which the

fitted curve crosses zero; Fig. 3a–c). Individual spotted

owls tended to select severely burned forest only when

it represented a small proportion of their home range

(\ 0.05), but avoided severely burned forest when it

was more prevalent (bsevere-FR = - 0.76 [- 1.33,

- 0.19]) (Fig. 3a). Individual owls tended to select

larger patches of severe fire when the area-weighted

average patch size in their home range was smaller

than * 115 ha, but selected smaller patches of severe

fire when their home ranges were characterized

by larger patches (bpatch-FR = - 9.39 [- 13.78,

- 5.00]) (Fig. 3b). Owls also avoided making deep

forays into severe fire patches when the average

permeation distance in their home range exceeded

47 m, corresponding with larger patches on average

(bpermeation-FR = - 28.17 [- 43.67, - 12.68])

(Fig. 3c). Figure 4 provides examples of spotted owls

Fig. 2 Coefficient estimates from mixed-effects habitat selec-

tion functions. a Mean fixed-effects coefficients and their

associated 95% confidence intervals. b The variance estimates

for the individual slope coefficients (random effects), with

effects that improved model fit (using likelihood ratio tests)

indicated with an asterisk (*). the x-axis of b is truncated to a

smaller range (0–8) for visualization, but note that the variance

term for permeation distance was 58.9. Colors correspond with

different covariate groups (see Table 1); yellow = pre-fire forest

cover, dark blue = disturbance variables, turquoise = severe

fire patch variables. (Color figure online)
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selecting smaller patches of severe fire (Fig. 4a, b),

avoiding larger patches of severe fire (Fig. 4b, c), and

using a large severe fire patch (unlogged snag forest)

but only making short forays into it (Fig. 4c). There

was no evidence for a functional response in habitat

selection for pyrodiversity (bpermeation-FR = - 0.48

[- 2.15, 1.20]) (Fig. 3d).

Discussion

There is a natural hierarchical response by species that

can be estimated following disturbance: a primary

response and a secondary response. The primary

response is whether an individual either survives or is

able to remain (i.e., occupy) in the affected area

following a disturbance event. The secondary

response is conditional on the primary response (i.e.,

continued occupancy) and may represent shifts in

movement, foraging, or reproductive behavior by

persisting individuals that are induced by the distur-

bance. Key uncertainties exist regarding both primary

and secondary responses by spotted owls to fire. With

respect to primary responses, the 2014 King Fire

displaced a significant portion of the population that

experienced extensive severe fire and at least one

apparent direct mortality (Jones et al. 2016), but other

researchers reported no negative effects in a different

population of owls that experienced a large, severe fire

(Lee and Bond 2015, but see Berigan et al. 2019).With

respect to secondary responses, different studies have

revealed that GPS- or VHF-tagged owls avoided

(Jones et al. 2016; Eyes et al. 2017), preferentially

selected (Bond et al. 2009), or used severely burned

forests in proportion to their availability (Bond et al.

2016) when foraging. The analytical approaches used

in these studies were similar, raising the question of

why owls apparently responded in different ways. We

posit one of the reasons may be that these studies have

lacked an explicit landscape perspective (i.e., role of

spatial patterns of severe fire), which precluded the

ability to disentangle different factors that might have

led to these conflicting results. While previous work

has advanced our understanding of the importance of

edges between fire severity classes as a predictor of

spotted owl habitat selection (Bond et al. 2009, 2016;

Eyes et al. 2017) and the role of these edges across

scales (Comfort et al. 2016), they did not explicitly

consider the role of severe fire patch size, configura-

tion, permeation distance, or how responses may be

conditional on individual variation in habitat avail-

ability (i.e., functional response).

Owl response to high-severity fire

Landscape structure and composition following fires

appear to affect habitat selection by spotted owls in a

more nuanced way than previously reported. Although

severe fire was not clearly avoided nor selected at the

population level, individuals showed avoidance of

severely burned forests (i.e., expected individual

coefficients became negative) when[ 5% of their

home range burned at high-severity (Fig. 3a). Thus,

for those owls not displaced or killed, severe fire

appeared to be, on average, benign or beneficial below

this threshold, yet appeared to affect owl movements

above this threshold. Therefore, spotted owls contin-

ued to occupy home ranges in the short term when

Fig. 3 Functional responses in habitat selection. a Severe fire,

b patch size, c permeation distance, d pyrodiversity. The y-axes

represent slope coefficient estimates for individual owls, and the

x-axis represents average covariate conditions within an

individual owl’s home range (b, c represent area-weighted

means for patch-based covariates). Functional responses with

95% confidence intervals that did not overlap zero are depicted

in red (a–c). Note that the y-axis is truncated in panel c for better
visualization; there is one additional data point located at

x = 11.1, y = 27.98. (Color figure online)

123

Landscape Ecol



their home ranges were burned by up to 40% severe

fire (the maximum extent experienced by GPS-tagged

owls in this study), perhaps via behavioral plasticity

including the shifting of foraging sites. However,

previous work has shown that habitat loss related to

severe fire occurring over[ 50% of an owl territory

led to territory abandonment andmortality (Jones et al.

2016). These thresholds could serve as benchmarks for

understanding severe fire effects on spotted owls when

detailed site occupancy and tagging information are

not available, but we hypothesize that wildfires with

different severe fire spatial patterns may result in

different responses by owls than we report here. We

observed similar functional responses for severe fire

patch size and permeation distance; owls avoided

using larger patches of severe fire and avoided making

deeper forays into severely burned areas when their

home ranges were characterized by a larger severe fire

component. Had we used a more traditional analysis

that did not account for individual variation and spatial

configuration, and simply made inference about

population-level effects, we would likely have con-

cluded that owls use severely burned forests in

proportion to its availability (i.e., the model from

stage one). Instead, we gained a more nuanced

understanding that patch size and the spatial extent

and configuration of severely burned forests within

individual spotted owl home ranges strongly mediated

the effect of severe fire.

The specific thresholds at which we observed that

spotted owls began to avoid severely burned forest

appear to align closely with the best available

estimates of historical severe fire extent and patch

sizes within dry mixed-conifer forests (Safford and

Stevens 2017). Specifically, fires that historically

burned in yellow pine mixed-conifer forests in the

Sierra Nevada contained 5–15% severe fire effects

(Safford and Stevens 2017); our study suggested owls

tended to avoid severely burned forest when more than

5% of their home range was affected. Moreover,

historical severe fire patch sizes in yellow pine mixed-

conifer forests in the Sierra Nevada typically ranged

from 10 to 100 ha in size (Safford and Stevens 2017);

we showed that spotted owls tended to avoid larger

severe fire patches when the average patch size in their

home range exceeded * 115 ha in size. In addition,

the spatial complexity of severe fire patches has been

decreasing in recent decades (Stevens et al. 2017); we

showed that owls select more complex severe fire

patches. We suggest these results provide evidence

that owls are responding to severe fire in a way that

reflects adaptation to historical fire regimes under

which this species evolved. Our work suggests that

increasingly novel fire conditions within this system—

i.e., more severe fire characterized by patches that are

larger and less complex—will negatively affect spot-

ted owls.

There are several possible reasons why spotted

owls avoided large patches of unlogged, severely

burned forest. First, severe fire in the King Fire likely

altered spotted owls’ prey communities either (i) indi-

rectly by eliminating the understory and coarse woody

debris important for key small mammal prey species

such as woodrats (Neotoma spp.; Roberts 2017) in the

Fig. 4 Examples of owl locations that show selection prefer-

ences across different availabilities of severe fire and patch

sizes. a Selection for a small patch of severe fire; b, c avoidance
of a large patch of severe fire; c also shows short (\ 100 m)

forays into a large severe fire patch. The fire area is shown in

semitransparent white, high-severity fire with no salvage

logging in red, salvage logging in blue, and owl locations as

yellow ‘‘?’’ signs. (Color figure online)
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short term, or (ii) directly through fire-related mortal-

ity. Although some dense brush cover regenerated

within many severely burned patches 1–2 years post-

fire that could potentially provide prey habitat, owls

appeared to avoid large, severely burned patches

throughout the three-year study, suggesting prey

populations had not yet recovered. Second, perching

structures in large tracts of severely burned forest may

not provide adequate concealment for this ‘‘sit and

wait’’ predator relative to forests with live trees and

foliage structure (Gutiérrez et al. 1995; Ganey et al.

2017). Third, and related to the second reason, large

fires create extensive open areas that provide habitat

for avian predators of spotted owls such as great-

horned owls (Bubo virginianus; Gutiérrez et al. 1995),

which increases predation risk (Johnson 1992). Dis-

criminating among these hypotheses will be challeng-

ing and require both small mammal and predator

sampling. There is a fourth explanation for why

spotted owls avoided large tracts of severely burned

forest: severely burned forest contains a limiting

resource (e.g., food) that is preferentially selected

when it is scarce, but is relatively less important (and

its use/availability ratio decreases) when it is abundant

(Beyer et al. 2010; Aarts et al. 2013). Given our three

above hypothesized mechanisms for avoidance of

large severely burned areas we think this is relatively

unlikely because rather than containing abundant

resources, large severe fire patches appear to contain

fewer food resources and more risks to owls.

Owl response to salvage logging

Salvage logging is a management practice that

removes fire-killed or fire-affected trees with the

primary intention of recouping economic value and

reducing safety hazards in multi-use forests (Linden-

mayer and Noss 2006). Salvage logging can affect

post-fire forest conditions and ecosystem processes by

altering post-fire biological communities (Thorn et al.

2018), increasing fire risk by leaving behind fine and

coarse woody fuels (Donato et al. 2006), and reducing

natural vegetative recovery (Lindenmayer et al. 2008).

However, salvage logging is also being used as a tool

for improving post-fire reforestation success in dry

forest types of the western US (North et al. 2019) that

face an increased risk of natural regeneration failure

and conversion to non-forest ecosystems following

large, high-severity fires (Welch et al. 2016; Shive

et al. 2018; Wood and Jones 2019). Thus, there is

strong practical interest among land managers to

understand ways to reduce negative effects of salvage

logging on species and communities of conservation

concern, particularly the spotted owl (Peery et al.

2017).

Our results suggest that spotted owls tended to

avoid areas that experienced salvage logging. How-

ever, interpreting the significant negative statistical

effect of salvage was challenged by several consider-

ations. First, 95% confidence intervals for the popu-

lation-level severe fire effect (i.e., unlogged snag

forest) overlapped the 95% confidence intervals for

the salvage effect (Fig. 2)—suggesting that salvage

and severe fire effects at the population level may have

been similar. Second, salvage logging was often

embedded within the very large patch of severely

burned forest in the northern part of the King Fire that

owls strongly avoided (e.g., Figs. 1, 4b, c) such that

owls may have been predisposed to avoiding some

salvage-logged areas. Third, salvage-logged areas

were relatively rare within owl home ranges (average

3.4% of owl home range) compared to severely burned

areas (14.5%), and rare cover types are subject to false

negative error (Frair et al. 2010).

Nevertheless, our study may provide some impor-

tant insights into the relative effects of salvage logging

and severe fire on spotted owl habitat selection. While

the population-level (fixed) effect of salvage logging

was negative and numerically more negative than

population-level effect of severe fire, the variance

among individual-level effects for salvage logging

was narrow (r2 = 0.64) and not statistically different

from zero, compared to the significant variance among

individual-level effects for severe fire (r2 = 2.49).

These variances resulted in a narrow range of

individual coefficients (ranging from - 1.6 to - 0.2)

for salvage logging, compared to a wider range for

severe fire individual coefficients (ranging from - 3.4

to 2.8) (Fig. 5). Thus, it appears that individual owls

with relatively large high-severity burned areas within

their home range tended to avoid these areas more

strongly than any owls avoided salvage-logged areas

(Fig. 3a). Conversely, owls with smaller areas of high-

severity burned areas in their home ranges tended to

select severely burned areas but still tended to avoid

salvaged areas, notwithstanding the considerations

discussed above.
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Despite these uncertainties, our findings also have

novel implications for post-fire forest management as

it relates to species conservation. Specifically, the

owls’ tendency to avoid large, but not necessarily

small patches of severely burned forest and also avoid

traversing into interior portions of larger patches

(Figs. 3, 4) suggests that salvage logging within

interior portions of larger patches may be less likely to

affect spotted owls than salvage logging within small

patches of severely burned forest. For example, of all

spotted owl GPS locations, only 0.6% occurred further

than 100 m into a severe fire patch. Stillman et al.

(2019) showed that black-backed woodpeckers (Pi-

coides arcticus), another focal management species in

post-fire landscapes in the Sierra Nevada, tended to

use areas of severely burned forest that were closer to

patch edges and rarely traveled further than[ 500-m

into severe fire patches. Thus, salvage operations

within the interior of large patches of severely burned

patches may be less likely to impact both of these focal

species. However, most (89%) of salvage logging

within the King Fire perimeter occurred on private

lands that often involved higher proportions of

harvesting than is typical on national forests (i.e.,

patches of unlogged snag forest were often left intact

within salvage-logged areas on national forests). This

limited the inferences we could make about the effects

of salvage logging on public lands. Nevertheless,

retaining perch sites and snags, and/or creating

habitats that promote the preferred prey species of

spotted owls in areas that are salvage-logged (e.g.,

slash piles for woodrats; Innes et al. 2007), might

encourage use of these areas by owls in the future.

Implications for dry forest restoration

The tendency of spotted owls to avoid large areas

within their home ranges that burned at high-severity

has implications for the management of seasonal dry

forests within the range of this species. Our findings of

avoidance by spotted owls of forests extensively

modified by severe fire suggests that the reduction of

large, severe fires (‘‘megafires’’; Stephens et al. 2014)

such as the King Fire by restoring frequent fire regimes

characterized by small patches of severe fire is likely

to benefit both spotted owl populations and increase

forest resilience. This comes with the caveat also

supported by our results that salvage logging be

judiciously applied particularly in areas where fires

burn heterogeneously within occupied spotted owl

home ranges, because owls tend to use smaller patches

of severely burned forests and forage along edges of

larger patches. Our study (i) supports the general

premise that species conservation and forest ecosys-

tem restoration objectives in the Sierra Nevada can be

compatible (Scheller et al. 2011; Tempel et al. 2015;

Jones et al. 2016; Jones 2019) and (ii) could help

reconcile a conservation conflict pitting those promot-

ing restoration of seasonal dry forests in parts of

western North America against those interested in

preserving old-growth trees and habitat for spotted

owls (Redpath et al. 2013; Gutiérrez et al. 2017).
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