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Abstract. Effects of historical fire suppression in forested ecosystems, combined with increasingly fre-
quent and prolonged periods of drought due to a changing climate, are predicted to drive increases in the
extent and intensity of wildfires in western North America and elsewhere. Understanding the effects of
wildfires on forest-dependent species and interactions among species is important for conservation and
management decisions. We used data collected from a long-term carnivore monitoring program in north-
ern California and southern Oregon, USA to investigate the effects of three mixed-severity wildfires and
salvage logging on a population of fishers (Pekania pennanti), forest-dependent carnivoran of conservation
concern, and a co-occurring population of gray foxes (Urocyon cinereoargenteus), a competitor of similar
body size. We developed a spatial capture-recapture population model to estimate the short-term effects of
the wildfires and salvage logging on fisher and gray fox abundances, distributions, apparent survival
and recruitment, and species interactions using non-invasive genetic data collected three years prior to and
three years following wildfires. Fisher abundance decreased significantly in areas of low-, medium-, and
high-severity wildfire. Gray fox abundance decreased in the years before the wildfires, but rebounded in
subsequent years. Medium-severity wildfire had a negative effect on gray fox density, but high-severity
wildfire and fisher density had positive effects on gray fox density. Salvage logging had negative effects on
both fisher and gray fox density. Our results suggest that increased severity, extent, and frequency of wild-
fires in the western USA will affect fisher populations negatively and alter the composition of mesocarnivo-
ran communities.

Key words: community ecology; fire; fisher; gray fox; Klamath-Siskiyou; mesocarnivore; non-invasive monitoring;
Pekania pennanti; salvage logging; spatial capture-recapture; Urocyon cinereoargenteus.

Received 29 September 2020; revised 26 July 2021; accepted 30 July 2021. Corresponding Editor: Elizabeth A. Flaherty.
Copyright: © 2022 The Authors. Ecosphere published by Wiley Periodicals LLC on behalf of The Ecological Society of
America. This is an open access article under the terms of the Creative Commons Attribution License, which permits
use, distribution and reproduction in any medium, provided the original work is properly cited.

t E-mail: david.green@oregonstate.edu

INTRODUCTION

Wildfires influence ecological communities on
fire-prone landscapes, and many species have
evolved in systems subject to historically variable
fire regimes (Noss et al. 2006, Rockweit et al.
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2017, Spies et al. 2018). The frequencies, distribu-
tions, and intensities of wildfires, however, have
increased (Stephens 2005, Lutz et al. 2009, Miller
et al. 2009, 2012) often due to decades of fire sup-
pression (Stephens et al. 2009, Calkin et al. 2015),
past and current timber harvest practices (Odion
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et al. 2004), human encroachment (Bowman et al.
2011, Balch et al. 2017), and a changing climate
(Westerling 2006, 2016, Liu et al. 2013, Abat-
zoglou and Williams 2016). Wildfires impose
large-scale losses of natural resources, alter eco-
logical patterns (Adams 2013, Stephens et al.
2014, Spies et al. 2018, Coop et al. 2020), and are
becoming increasingly expensive to manage
(Calkin et al. 2015). Departures from historical
wildfire patterns have prompted calls to restore
natural fire regimes via forest restoration and
fuels management (Calkin et al. 2015, North
et al. 2015, 2019), as the short- and long-term con-
sequences are unclear for wildlife living in these
fire-prone landscapes.

Wildfires and post-fire forest management also
alter, disrupt, or amplify interspecific interactions
within wildlife communities, yet these effects are
rarely studied. For medium-sized carnivorans
(i.e., members of the order Carnivora), wildfires
induce changes in vegetation that can make areas
uninhabitable due to increases in predation, com-
petition with sympatric species, or loss of forest
structure needed to hunt (Nelson et al. 2007,
Geary et al. 2018). Salvage logging and replanting
following wildfire add additional layers of forest
responses to fires and, thereby, increase the lack of
understanding of responses of wildlife to fire.

The spotted owl (Strix occidentalis) is one of the
most extensively studied forest-dependent spe-
cies and the responses of spotted owls to wild-
fires appear to reflect the context of the location
and each individual owl (Ganey et al. 2017,
Rockweit et al. 2017, Lee 2018, Peery et al. 2019,
Geary et al. 2020, Jones et al. 2020). Some wild-
fires have decreased spotted owl survival (Clark
et al. 2011), reproduction (Jenness et al. 2004),
occupancy, and colonization rates (Clark et al.
2013), especially in high-severity fires (Jones
et al. 2016, 2020, Eyes et al. 2017, Rockweit et al.
2017). Other fires, even of high severity, have
shown limited to no effects on spotted owl ecol-
ogy (Bond et al. 2002, 2009, 2016, Roberts et al.
2011, Lee et al. 2012, Lee and Bond 2015). A clear
understanding of the effects of wildfire on wild-
life that occur in mature forests is lacking, and
requires further study.

The responses of carnivorans to fire are context
dependent and vary by ecosystem (Geary et al.
2020). For example, fires may have positive
effects on populations of some carnivorans by

ECOSPHERE ** www.esajournals.org

GREEN ET AL.

increasing hunting efficacy (Arjo and Peltscher
2004, Eby et al. 2013), altering the spatial distri-
bution of competitors (Schuette et al. 2014, Green
et al. 2015, Geary et al. 2018), or increasing prey
availability or distributions (Geary et al. 2020).
Fires may have negative effects on carnivorans
by altering vegetation (Geary et al. 2020) and
may make non-apex carnivorans more suscepti-
ble to predation (Birtsas et al. 2012). Thus, a vari-
ety of perspectives has emerged regarding the
effects of wildfires on wildlife.

Fishers (Pekania pennanti) are medium-sized,
North American carnivorans that are strongly
associated with mature forests and are of conser-
vation concern in the western United States (U.S.
Fish and Wildlife Service 20164, b). Fisher popu-
lations experienced significant declines and
range contractions attributed to over-trapping
for their fur, loss or fragmentation of forested
landscapes, predator and pest control cam-
paigns, and climate changes at the end of the Lit-
tle Ice Age in the mid-1800s (Douglas and
Strickland 1987, Powell 1993, Ruggiero et al.
1994, Knaus et al. 2011, Krohn 2012, Tucker et al.
2012). The Distinct Population Segment of fishers
in the southern Sierra Nevada Mountains of Cali-
fornia in the United States was recently listed as
Endangered via the Endangered Species Act
(U.S. Fish and Wildlife Service 2020) and the
increase in frequency and severity of wildfires is
considered a potential threat to the population’s
persistence (U.S. Fish and Wildlife Service 2020).
Limited evidence suggests that fire may decrease
fisher occupancy (Thompson et al. 2011, Scheller
et al. 2011, Garner 2013, Sweitzer et al. 2016) but
no study has empirically estimated the effects of
wildfires on fisher populations. The Klamath-
Siskiyou Ecoregion is the geographic center of
the largest population of fishers in the western
United States (U.S. Fish and Wildlife Service
2016b, Furnas et al. 2017), and nearly 11,910 km?
(24%) of their estimated 48,760 km? distribution
has burned due to fire from 2015 to 2020
(National Interagency Fire Center 2021). Under-
standing how wildfires of varying intensities
affect fishers will aid in fisher conservation
(Tempel et al. 2015, Sweitzer et al. 2016). Recent
wildfires influenced by drought and beetle-
kill-related tree mortality in the southern Sierra
Nevada (Stephens et al. 2018, U.S. Fish and Wild-
life Service 2020) give urgency to these questions.
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Gray foxes (Urocyon cinereoargenteus) are gen-
eralist canids that compete with fishers and their
occupancy can increase in areas where fishers
have been removed (Green et al. 2018). Thus,
determining the effects of wildfires on gray fox
populations and understanding the interactions
of gray foxes with fishers may be important for
fisher conservation, especially in areas intended
for restoration, reintroduction, or management.

We evaluated the effects of mixed-severity wild-
fire and post-fire forest management in the form
of salvage logging and replanting (henceforth,
“salvage logging”) on fishers and gray foxes in
the Klamath-Siskiyou Ecoregion in northern Cali-
fornia and southern Oregon, USA. The Klamath-
Siskiyou Ecoregion is a global hotspot for biodi-
versity (Whittaker 1960, Myers et al. 2000), and it
also supports the largest extant population and
highest density of fishers in the western United
States (Matthews et al. 2011, U.S. Fish and Wild-
life Service 2016b, Furnas et al. 2017). To quantify
the effects of mixed-severity wildfire on fishers
and gray foxes in this system, we took advantage
of three wildfires that burned 26% of the area
encompassing a long-term fisher monitoring pro-
gram in the summers of 2014 and 2016 (Green
et al. 2018). We hypothesized (H1) that the effects
of wildfire on fisher density are inversely propor-
tional to fire severity. Specifically we tested
predictions that (1) low- and medium-severity
wildfires have little to no effect on fishers but that
(2) high-severity wildfires have negative effects on
fishers. For foxes, we hypothesized (H2) that the
effects of wildfire would be influenced by fishers
and tested the predictions that (1) fishers have
negative effects on gray foxes and (2) that the
number of foxes will increase in areas where
fisher populations decreased due to wildfires. We
also hypothesized (H3) that salvage logging has
negative effects on fishers but foxes would benefit
from the vegetation changes. By leveraging a
long-term data set that spans years pre- and post-
disturbance, we were able to separate the effects
of wildfires and salvage logging from other natu-
rally occurring variation.

METHODS
Study site and data collection

We monitored fishers and gray foxes on a 465-
km? portion of the Klamath-Siskiyou Ecoregion
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in northern California and southern Oregon
(henceforth “Klamath”; Fig. 1a). Klamath was pre-
dominantly conifer and mixed conifer—broadleaf
forest. Elevation ranged from 472 to 2269 m. Land
ownership within Klamath included National For-
est Service lands (260 km?), private industrial
forest (198 km?), private non-industrial forest
(5 km?), and state and local ownership (3 km?).

We used track plate boxes to survey non-
invasively for wildlife in Klamath annually
between mid-September and early December
2006 through 2016 (Green et al. 2018). The Beaver
Fire burned 133 km” on and adjacent to Klamath
from 30 July to 2 September 2014, the Happy
Camp Complex burned 558 km? adjacent to Kla-
math from 12 August to 31 October 2014, and the
Gap Fire burned 137 km® adjacent to Klamath
from 27 August to 18 September 2016 (Fig. 1b).
All three of these wildfires burned at mixed sever-
ity. The Beaver fire burned 37 km? at low severity
(28%), 46 km® at medium severity (35%), and
48 km? at high severity (36%). The Happy Camp
Complex burned 153 km? at low severity (27%),
133 km? at medium severity (24%), and 156 km?
at high severity (28%). The Gap Fire burned
53 km? at low severity (39%), 32 km? at medium
severity (23%), and 30 km” at high severity (22%;
Fig. 1b). The remaining percentages of each fire
that are unaccounted for by these burn categories
indicate areas within the fire perimeters that were
not burned or lacked appropriate data for estima-
tion of burn severity (Eidenshink et al. 2007).
These fires did not affect our sampling. The areas
burned by the Happy Camp Complex and Gap
Fires were within the mean movement distances
for male and female fishers (Green et al. 2018;
Fig. 1b). The Beaver and the Happy Camp Com-
plex Fires were ignited by lightning, and the Gap
Fire was ignited by humans.

The population of fishers was relatively stable
from 2006 to 2013, despite approximately 20% of
the population having been translocated in 2009
and 2010 for reintroduction elsewhere (Green
et al. 2018). No previous data exist on population
trends of the gray fox population in Klamath and
our genetic analyses of gray fox samples began
in 2011, which is why we start the current analy-
sis in 2011. To disentangle the effects of the fires
from naturally occurring variation of popula-
tions, we designated 2011 to 2013 as baseline
years (i.e., pre-fire) and 2014 to 2016 as treatment
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Fig. 1. Study site and methods for monitoring effects of three wildfires on fishers and gray foxes. (a) The Kla-
math study site in northern California and southern Oregon, USA is shown with a black star. (b) The distribution
and severity of the three mixed-severity wildfires that occurred in 2014 and 2016 in Klamath and locations of sur-
vey sites. Survey sites are depicted by blue squares and outlines of each fire are shown in green. Areas that
burned at low, medium, and high severity are indicated in yellow, orange, and red, respectively. Burn-severity
data are from the Monitoring Trends in Burn Severity thematic burn-severity data classification. (c) The non-

invasive sampling box used to collect genetic samples

from fishers and gray foxes in Klamath. The metal plate

extending out the front of the box is fully slid into the box before deployment. (d) The estimated salvage logging
that occurred in the Beaver Fire perimeter estimated using Random Forest modeling (see Methods).

years (i.e., post-fire) to determine changes to the
fisher and gray fox populations that may have
resulted from the fires in a Before After Control
Impact (BACI) design (Green 1979).

Non-invasive sampling techniques

We deployed 100 survey stations in Klamath
at the same locations each year (Fig. 1b, c). Loca-
tions were selected in 2006 based on road access
and presumed fisher habitat (i.e., near streams,
in areas of dense canopy; Green et al. 2018).
Twenty survey stations (20% of all survey sta-
tions) were within the Beaver Fire perimeter.
Each survey station consisted of a corrugated
plastic tunnel with one end covered with %2 inch
(~1.2 cm) hardware cloth and the other end par-
tially obstructed with three wooden slats (Fig. 1c;
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Zielinski et al. 2006). We affixed a strip of non-
toxic glue board (Catchmaster 72MB, USA) to
the underside of the bottom wooden slat so that
mammals entering the plastic box would leave a
hair sample on the glue strip. Stations were sur-
veyed for 4-6 consecutive weeks each year, bai-
ted each week with a raw chicken drumstick and
a can of wet cat food (Fig. 1c), and checked
weekly for hair samples (Green et al. 2018). Any
glue strip with hair attached was put in a 50-mL
vial with 5 mL of desiccant. All samples were
analyzed at the National Genomic Center for
Wildlife and Fish Conservation at the Rocky
Mountain Research Station in Missoula, MT,
USA. Hair samples were analyzed to species and
those identified as fisher or gray fox were further
analyzed to sex and individual.
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Fisher samples were genotyped using 16
microsatellite loci used in previous mustelid
studies: MpP0059, Mp0144, Mp0175, Mp0197,
Mp0200, Mp0247 (Jordan et al. 2007), Mal (Davis
and Strobeck 1998), Mer(022, Mvis020, Mvis072
(Fleming et al. 1999), Ggul01, Ggu216 (Duffy
et al. 1998), Lut604, Lut733 (Dallas and Piertney
1998), Gg25 (Walker et al. 2001) Mf1.18 (Basto
et al. 2010), and Mvil321 (Vincent et al. 2003).
Genetic sex identification from fisher samples
was obtained using the sexing locus SRX/SRY
designed for mustelids (Hedmark et al. 2004).
Gray fox samples were genotyped using 10
microsatellite loci designed for foxes and other
canids: GF-09, GF-14 (Weston et al. 2004), Cph2
(Fredholm and Winterg 1995), C09.250 (Ostran-
der et al. 1993), FH2001, FH2088, FH2096
(Francisco et al. 1996), AHT137, CO1.424, and
REN54P11 (Moore et al. 2010). Genetic sex identi-
fication from gray fox samples was obtained
using the sexing locus ZFX/ZFY designed for
foxes (Ortega et al. 2004). DNA from hair sam-
ples was amplified wusing the multi-tube
approach (Eggert et al. 2003, Schwartz et al.
2007). The resultant products were visualized on
a LI-COR DNA analyzer (LI-COR Biotechnol-
ogy). Data were error-checked using program
Dropout (McKelvey and Schwartz 2005), GenA-
IEx (Peakall and Smouse 2006), and Micro-
checker (Van Oosterhout et al. 2004).

Spatial open population capture—recapture model

We developed a spatial open population cap-
ture-recapture model (Efford 2004, Royle and
Young 2008, Gardner et al. 2010, Green et al.
2018) to determine the effects of the three fires on
the populations of fishers and gray foxes in Kla-
math. We ran species-specific models for fishers
and gray foxes and, in our hierarchical formula-
tion, the spatially explicit detection histories y for
individual i in year t at survey station j in week
w (Yitj) were modeled as:

Yitjo ™ Bernoulli(Aij KijwZzit),

where Ay, is the average encounter rate, Ky, is a
binary variable indicating whether or not survey
station j was deployed in week w of year ¢, and
z; is the partially observed latent variable indi-
cating whether or not individual i was present or
estimated to be present in the population in year
t. We modeled the average encounter rate as a
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function of the probability of detection p0;;,, and
a detection function g;; based on the distance to
an individual’s latent activity center s;;, such that
Aitiw = POitje8iti- Previous research in Klamath
and elsewhere has identified sex-specific detec-
tion probabilities of fishers (Popescu et al. 2014,
Linden et al. 2017, Green et al. 2018) and an
increased likelihood of visitation following an
initial detection (Sweitzer and Furnas 2016, Lin-
den et al. 2017, Green et al. 2018). Therefore, we
modeled the logit-linear mean probability of
detection (p0;j,,) as:

Logit(p0i) = PO; + P1 x sex; + p2

X previous detectionitjw,
where the probability of detection is a function of
a year-specific intercept (B0;), an effect of sex (1),
and the effect of a binary variable indicating
whether the individual visited this survey station
in a previous week in the same sampling year
(B2). We modeled the year-specific intercepts, f0t,
by assuming they were random effects, drawn
from a uniform distribution.

The detection function g;;; described how the
encounter rate of an individual decreases as a
function of the distance between their activity
center in that year s;; and the location of the sur-
vey stations and was modeled with a Gaussian
encounter probability such that:

8itj = e(~i/2ci),

where dj; is the Euclidean distance between the
survey station and an animal’s latent activity cen-
ter, and oy is the standard deviation of a bivariate
normal distribution reflecting space-use modeled
to vary by sex k. We modeled activity centers for
each individual 7 in each year ¢ independently as
a homogeneous Poisson point process in the state
space S (Royle et al. 2014). We defined S as a con-
tinuous state space bounded by the outside of a
rectangular 4-km buffer around our sampling
units (Royle et al. 2014). We initially modeled o,
to vary by year, but early model runs indicated
no significant differences among years (i.e., 95%
credible intervals overlapped), so we dropped
this parameterization in favor of parsimony. We
modeled o, as a random variable drawn from a
uniform distribution.

We modeled z;; ~ Bernoulli(¥pqp) for year t =1
and z; ~ Bernoulli(y;,) for all years t > 1, where
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Hit = (Zit—l X (I)t—l) + (Ait—l X Ft)
Ait-1 =1 —step(az — 1)
ajp = sum(zﬂ:t).

Thus, the probability that an individual is esti-
mated to be in the population in years t > 1 is a
function of survival (®;_;) from the previous year
if already present (z;;_1) or of the probability that
an individual is recruited (I'y) into the population
if not already present (A;—1). The term A4
ensures that individuals are only available to be
recruited into the population a single time for the
duration of this study. We modeled the year-
specific survival and recruitment probabilities by
assuming they were random effects, drawn from
a uniform distribution. We modeled sex as the
Bernoulli distributed partially latent variable,
Sex; ~ Bernoulli(W,), where sex was estimated as
coming from the population-level sex ratio (Weex)-

We fit our models using data augmentation
(Royle et al. 2007). We introduced a sufficiently
large number of all-zero encounter histories to
our population of observed individuals to pre-
vent any truncation of the number of fishers or
foxes with activity centers located in S. The num-
ber of individuals N alive in year ¢, N;, was thus:

M

Nt = ZZ(i, t)

i=1

Full model code is provided in Appendix S1.

Post-fire salvage logging model

We modeled the spatial extent of salvage log-
ging within the 2014 Beaver Fire using a random
forest (RF) supervised classification model (Brei-
man 2001). We only modeled salvage logging in
the Beaver Fire because inspection of high-
resolution imagery of the Happy Camp Fire did
not identify any salvage logging, and any salvage
logging following the 2016 Gap Fire occurred
after our 2016 field sampling. We created a train-
ing data set using 369 random points in the Bea-
ver Fire perimeter by visually interpreting high-
resolution (60-100 cm) NAIP aerial imagery
from before and after the Beaver Fire occurred.
We classified each random point as either being
salvage logged (n = 147) or unlogged (n = 222)
using Google Earth Engine (Gorelick et al. 2017).
We used Sentinel-2 (10-m resolution) satellite
data to aid in the interpretation of training

ECOSPHERE ** www.esajournals.org

GREEN ET AL.

locations. We used cloud-free short-wave infra-
red (SWIR) data from the Landsat 8 Surface
Reflectance Tier 1 (Band 6) to establish covariates
for the model. These were acquired and exported
as 30-m resolution raster files from Google Earth
Engine. Short-wave infrared reflectance can help
separate different types of landscape disturbance
(Schroeder et al. 2011, 2012). Salvage logging
exposes bare soil such that its spectral signature
is distinctive from charred ground in the SWIR
region of the electromagnetic spectrum. We
extracted SWIR data at each training location for
three dates, representing pre-fire forest structure
(15 July 2014), post-fire forest conditions (3 Octo-
ber 2014), and post-fire post-salvage logging and
before sampling the year following the fires and
logging (20 September 2015).

These data were then used to train a RF classi-
fication model (Breiman 2001) using the “ran-
domForest” package (Liaw and Wiener 2002) in R
v. 3.6.3 (R Core Team 2020). We selected the num-
ber of trees in the RF model based on roughly
twice the number of trees required for error con-
vergence in an initial model run. We used the
tuneRF function from the randomForest package
to select the optimal mtry value (i.e., the number
of variables randomly chosen to grow each tree).
We evaluated model performance using accuracy
and kappa statistics calculated from out-of-bag
samples. We then used the model to predict
logged and unlogged pixels across the Beaver Fire
perimeter using the “ModelMap” package in R
(Freeman and Frescino 2009). To reduce noise in
the map, we then reclassified logged pixel clusters
to unlogged pixels where <4 pixels (i.e., 3600 m?)
were connected (based on the Moore neighbor-
hood). See Appendix S1: Fig. S1 for more informa-
tion on the salvage logging model.

We created a reference data set to assess the
accuracy of the final model of salvage logging in
the Beaver Fire. We assigned class values to refer-
ence points by interpreting high-resolution ima-
gery using the same technique we used to create
the training data. Because class-specific accuracy
estimates were of primary interest and equal
allocation of samples can lead to imprecise esti-
mates of overall accuracy (Olofsson et al. 2014),
we generated a stratified-random sample with 70
and 100 reference samples in the logged and
unlogged classes, respectively. Proportional allo-
cations would have required an unfeasibly large
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overall sample size to obtain a large enough sam-
ple size in the logged class, which accounted for
15% of pixels in the final map. We struck a bal-
ance by creating 70 reference samples in the
logged class and 100 in the unlogged class (Olof-
sson et al. 2014). We used the error matrix
derived from comparing the reference data to
mapped predictions to calculate user’s, pro-
ducer’s, and overall accuracy, as well as the
kappa coefficient.

Investigating the effects of wildfires and salvage
logging on fisher and gray fox density and
distribution

We developed a generalized linear model to
test predictions from our a priori hypotheses that
the effects of wildfires on fishers would be burn-
severity specific, that any effects of fire on foxes
would be influenced by fishers and that the
effects of salvage logging would be species-
specific. We calculated the spatially explicit den-
sities of fisher and fox activity centers from the
predicted distributions of activity centers to
determine effects of wildfires and salvage log-
ging on fisher and fox density. We overlaid Kla-
math with a 500 m x 500 m grid of R cells and
calculated the predicted mean density of fisher
and gray fox activity centers per each 0.25-km?
grid cell r in year t for each species s (d,;). We
used a 500-m grid because this was less than half
the size of the smallest estimated sigma values
for fishers and gray foxes. We modeled d,,; as:

dps ~ Normal(p,,,, Ts).

For the first year of the study (i.e., 2011), we
modeled the densities of fishers and gray foxes
in each grid cell r to vary solely by year t and
species s specific intercept («0ys):

Hy1s = 0.

We wanted to account explicitly for the effect
of activity center fidelity on fisher and gray fox den-
sity and distribution in Klamath. Thus, for all years
t > 1 we added an effect of the estimated density of
fishers and foxes in each grid cell from the previous
year (al;) such that before the wildfires occurred
(i.e., 2012 and 2013), we modeled p, as:

My = a0 + als x previous density,, ..

This allowed us to disentangle any effects of
the mixed-severity wildfires and salvage logging
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from any naturally occurring variation on the
landscape responsible for fisher and gray fox dis-
tributions (e.g., habitat covariates). For years fol-
lowing the fires and through the end of the study
(i-e., 2014-2016), we modeled p, as:

M, = a0 + alg X previous density,, ;.
+ a2 x low burn,; + o3;
x medium burn,; + a4
x high burn,, 4+ a5 x logged,,,

where the density of fishers and gray foxes in
each grid cell ¥ was modeled to vary as a function
of a year and species-specific intercept (a0;), an
effect of the estimated density of animals in that
grid cell in the previous year (al;), and the effects
of the proportion of the grid cell that was burned
at low, medium, and high severity (a2, a3,, and
a4, respectively), and salvage logged (ab;). The
effect of salvage logging was only included for
years 2015 and 2016 (i.e., after the salvage log-
ging occurred). Previous research has indicated
fishers positively affect the colonization of gray
fox occupancy and negatively affect the persis-
tence of gray fox occupancy (Green et al. 2018).
To retest predictions of this hypothesis here, we
coded a 6th term in the gray fox model to deter-
mine whether fisher density affects foxes (a6 x
fisher density,;1).

We log-transformed d,+; prior to analyses to
achieve normality. We standardized all covari-
ates to have a mean of 0 and a standard devia-
tion of 1 and tested them for collinearity prior to
analyses; Pearson correlation coefficient was <I
0.62l for all relationships. Fire severity data were
acquired from the Monitoring Trends in Burn
Severity (MTBS) thematic burn-severity data
classification (Eidenshink et al. 2007). We mod-
eled o2, a3, o4, and ab as time series variables to
account for any changes to spatially explicit den-
sities that occurred over time due to the fires,
burn severity, and salvage logging. Full model
code is provided in Appendix S1.

Model fitting and assessment

We fit our fisher and gray fox models using
the Markov chain Monte Carlo (MCMC) meth-
ods of JAGS v. 4.2.0 (Plummer 2003). We used
uninformative prior distributions for all esti-
mated parameters. Parameter estimates were cal-
culated from 9000 MCMC samples, taken from
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3 chains run for 30,000 iterations, thinned by 10,
and following a burn-in of 20,000. We assessed
model convergence by examining trace plots and
R values for convergence (Gelman and Hill 2006,
Gelman et al. 2013). We calculated percent proba-
bilities from posterior distributions to determine
the significance of parameter estimates, which
were calculated as the percent of posterior draws
greater or less than zero, depending on the sign
of the median value. Values on the normal and
logit scales are presented to two decimal places,
whereas those on the log scale are presented to
three decimal places.

REsuLTs

We sampled 100 systematically placed survey
stations annually between 2011 and 2016 for
474 £ 48.5 (yearly mean + SD; total = 2844) trap
weeks. We collected 276 + 52 (total = 1658) sam-
ples per year that were submitted for genetic anal-
yses, of which 258 & 51 (93% of all samples) were
of sufficient quality to identify the species of the
visitor (total = 1546). We collected 111 + 34 (to-
tal = 664) and 104 &+ 25 (total = 621) samples
annually from fishers and gray foxes, respectively.
Of these samples, 83 + 11% (fishers) and
83 £ 10% (gray foxes) were of sufficient quality to
determine sex and individual genotype. We iden-
tified a total of 123 fishers (51F, 72M) and 205 gray
foxes (102F, 103M) from 2011 through 2016, with
30 £ 3 and 50 + 14 individual fishers and foxes
detected each year. Individual fishers were
detected at an average of 1.8 & 1.5 sampling sta-
tions each year (range = 1-10), and foxes were
detected at an average of 1.2 &+ 0.5 sampling sta-
tions each year (range = 1-4).

Changes in density and distribution of fishers and
foxes over time

Our spatial open population capture-recap-
ture model suggested a 27% decrease in the total
number of fishers in Klamath apparent in 2015, a
full year after the 2014 wildfires (Figs. 2a, 3). The
gray fox population appeared to decrease by
55% from 2011 through 2014 before beginning to
rebound in 2015 following the fires (Figs. 2b, 3).
The estimated number of female fishers in Kla-
math decreased in 2015 and remained low in
2016, while the estimated number of male fishers
decreased in 2015 but rebounded in 2016 (Fig. 2
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c). The total number of fishers with activity cen-
ters within the fire perimeters decreased in 2015
and remained low in 2016 (Figs. 2c, 3). The esti-
mated number of male gray foxes exceeded the
estimated number of females each year, but both
sexes followed the overall population trend
(Fig. 2d). Full results from Fig. 2 are presented in
Appendix S1: Tables S1, S2. Following the Beaver
Fire, fisher density within the burned areas
decreased (Figs. 3, 4). Not a single fisher detected
in the Beaver Fire perimeter in 2013 was detected
there after the fire occurred in 2014 (Fig. 5a). In
2015, we detected a single female in the fire
perimeter, but no female fishers were detected
there in subsequent years (Fig. 5a). In 2016, we
detected a single male in the fire perimeter that
was not previously detected in the study area
(Fig. 5a). In 2015, we detected many previously
undetected gray foxes in the fire perimeter,
although few persisted there into 2016 (Fig. 5b).

Baseline detection probabilities for fishers and
foxes were consistent over time, but were highest
for both species the first full year after the fire in
2015 (Table 1). For fishers, sex and previous
detection both had 100% probabilities of affect-
ing detection probability, with males being more
likely to be detected than females (1 median
and 95% credible interval on the logit scale for
females = —1.3 [-1.88, —0.73]) and both sexes
more likely to be detected after an initial visit to
the survey station (p2 median and 95% credible
interval on the logit scale = 2.54 [2.15, 2.98]). For
gray foxes, sex had a 71% probability of affecting
detection, with females more likely to be detected
than males (1 median and 95% credible interval
on the logit scale for females = 0.13 [-0.31, 0.57]).
Gray foxes had a 100% probability of an increase
in detection probability following an initial visit
to a survey station (f2 median and 95% credible
interval on the logit scale = 1.84 [1.43, 2.25]). The
movement parameter of male fishers was larger
than those of females, but the differences between
sexes were minor for gray foxes (Table 1). The sex
ratio was female dominant for fishers but closer
to even for gray foxes (Table 1).

Apparent survival and recruitment for fishers
and gray foxes varied over time. Fisher apparent
survival was the lowest in 2014, indicating a
lower probability of animals remaining or per-
sisting in the study area from 2014 (i.e., the year
of the Beaver and Happy Camp Complex Fires)
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Fig. 2. Fisher and gray fox estimated population abundance over time in the Klamath study area and specific
to the Beaver Fire perimeter estimated using a spatial open population capture-recapture model. We present the
median and 95% credible intervals for the total number of (a) fishers and (b) gray foxes, and the breakdown of

these numbers by sex for (c) fishers and (d) gray foxes. The filled symbols (i.e., black and grays) indicate the num-
ber of individuals in the total study area, and the open symbols (i.e., white) indicate the number of individuals
located within the Beaver Fire perimeter. In (c) and (d), triangles indicate the predicted number of females and
circles indicate the predicted number of males. The red vertical lines indicate the timing of wildfires that occurred
during the summer of 2014 (Beaver and Happy Camp Complex Fires) and 2016 (Gap Fire).

to 2015 than in any other year (Table 2). In addi-
tion, apparent recruitment was also the lowest in
2015, indicating that fewer fishers were recruited
into the population in 2015 than in any other
year (Table 2). Gray fox apparent survival gener-
ally decreased from 2011 to 2013, before increas-
ing in 2014 and 2015 (Table 2). Apparent
recruitment of gray foxes was more than three
times greater in 2015 than in any other year, indi-
cating that many animals were detected for the
first time the first full year following the Beaver
and Happy Camp Complex Fires (Table 2).

Salvage logging in the Beaver Fire perimeter

The final RF model was parameterized with
501 trees and two variables randomly selected at
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each split (mtry). The overall accuracy of the
model based on out-of-bag samples (i.e., not the
independent reference data) was 94.8% (kappa =
0.88). The most important variable based on mean
decrease accuracy for discriminating salvage log-
ging from other burned areas was the SWIR band
from the post-fire post-salvage logging time step.
Since the training data were created in a tar-
geted manner and do not represent a probability
sample, we assessed the map accuracy in a sepa-
rate analysis using the reference data described
above. We compared mapped predictions of sal-
vage logging against the independent reference
locations. These results showed strong agree-
ment among predicted classes and reference
data. Overall accuracy was 90.0% (kappa = 0.79).
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Fig. 3. Predicted density and distribution of fisher and gray fox activity centers in each 500 x 500 m grid cell
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(Fig. 3. Continued)

in Klamath from 2011 to 2016 determined with an open population spatial capture-recapture model. The dashed
black lines indicate the convex hull encompassing our survey sites and what we defined as the Klamath study
area. The solid red lines indicate the perimeters of the three wildfires; both the Happy Camp Complex and Gap
Fires extend beyond the study area. Green and purple colors indicate relatively fewer and more estimated activ-
ity centers in each grid cell each year, respectively. Note the differences in scale between fishers and gray foxes.

Standardized change
(2013-2016)

W <2
-2-<-1
-1-<0
>0-1
>1-2
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O0ODom

Fig. 4. Predicted change in fisher and gray fox activity center density and distribution from 2013 to 2016. This
value was calculated as the difference between the number of estimated activity centers in each 500 x 500 m grid
cell in 2013 subtracted from the number of activity centers in 2016. The resulting values were then standardized
to have a mean of 0 and a standard deviation of 1. Darker and lighter colors indicate relatively fewer and more
estimated activity centers in 2016 compared to the number that were there in 2013, respectively.

User’s accuracies were 91.4% and 89.0% for Appendix S1: Table S3 for full results). These
logged and unlogged classes, respectively. Pro- results indicated higher errors of omission
ducer’s accuracies were 85.3% and 93.6% for (14.7%) than commission (8.6%) for the logging
logged and unlogged classes, respectively (see class, pointing to a conservative estimate of
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Fig. 5. Average predicted activity center locations of (a) fishers and (b) gray foxes detected at our sampling
units broken up by three areas of our study area: (1) outside of the Beaver Fire perimeter and outside of the study
area, (2) outside of the Beaver Fire perimeter and inside the study area, and (3) inside the Beaver Fire perimeter
and inside the study area. Each purple triangle and black circle represent a female or male individual animal
detected at one of our sampling stations, respectively. Individuals are shown starting the year of their first detec-
tion through the end of the study. Animals categorized as “Outside fire & outside study area” could indicate that
they have died, dispersed, or relocated their activity centers.

salvage logging in our raster prediction. Based
on pixel counts in the map, salvage logging
occurred in at least 21 km? within the Beaver Fire
perimeter by September 2015 (Fig. 1d).

Effects of wildfire, salvage logging, and
interspecific interactions on fisher and gray fox
density and distribution

For fishers and gray foxes, the predicted den-
sity of activity centers in each grid cell from 2012
to 2016 had a 100% probability of being posi-
tively correlated with the previous year’s density
(a1 median and 95% credible interval on the log
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scale = 0.145 [0.141, 0.150] for fisher and 0.189
[0.185, 0.193] for gray foxes; Table 3). The pro-
portion of area burned within each grid cell had
significant negative effects on the density of fish-
ers (Table 3, Fig. 6). The probability that low-,
medium-, and high-severity fire had negative
effects on fisher density was 100% (02 median
and 95% credible interval on the log
scale = —0.013 [-0.016, —0.010], o3 = —0.020
[-0.024, —0.017], o4 = —0.023 [-0.026, —0.020];
Table 3, Fig. 6). The probability that low- and
medium-severity fire had negative effects on
gray fox density was 57% and 99%, respectively
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Table 1. Posterior parameter estimates from the spatial open population capture-recapture model for the proba-
bility of detection by year intercept (0), the effects of sex (p1; female) and previous visit (f2) on detection prob-
ability, sex-specific movement parameters in m (c), and the probability that an individual was a female (y,,).

Credible interval

Species Parameter Mean SD 2.5 50.0 97.5
Fisher $02011 -1.93 0.22 -2.36 -1.93 -1.51
$02012 -1.56 0.23 -2.01 -1.57 -1.11
B02013 -1.89 0.24 —-2.36 -1.89 -1.42
$02014 -1.88 0.23 —2.34 -1.87 —-1.43
B02015 -1.37 0.21 -1.79 -1.37 -0.95
$02016 -1.75 0.21 -2.15 -1.75 -1.34
pl-sex (F) -1.30 0.29 -1.88 -1.30 -0.73
p2-previous 2.54 0.21 2.15 2.54 2.98
Om 1856.08 82.00 1702.80 1852.18 2027.98
of 1477.13 182.91 1177.81 1457.57 1891.09
Woex 0.61 0.05 0.50 0.61 0.71
Gray fox B02011 -2.55 0.28 -3.10 -2.55 -2.01
$02012 —2.22 0.27 —2.74 -2.22 -1.71
$02013 —2.35 0.28 —2.90 —2.35 -1.80
$02014 -2.28 0.33 -2.91 -2.28 -1.64
$02015 -2.17 0.25 —2.66 -2.17 -1.67
$02016 —-2.61 0.29 -3.15 -2.61 —2.04
pl-sex (F) 0.13 0.22 -0.31 0.13 0.57
p2-previous 1.84 0.21 1.43 1.84 2.25
O 1152.37 106.12 967.87 1143.15 1380.15
of 1241.92 92.75 1076.53 1236.58 1440.39
Weex 0.46 0.04 0.38 0.46 0.54

(02 median and 95% credible interval on the log
scale = 0 [-0.003, 0.002], o3 median, and 95%
credible interval on the log scale = —0.003 [-0.006,
0]), but high-severity fire had a 100% probability
of having a positive effect on gray fox density (a4
median and 95% credible interval on the log
scale = 0.008 [0.005, 0.011]; Table 3, Fig. 6). The
probability that salvage logging had negative
effects on fisher and gray fox density was 97% and
100%, respectively (fisher a5 median and 95%
credible interval on the log scale = —0.005 [-0.010,
0], gray fox a5 median and 95% credible interval
on the log scale = —0.011 [-0.015, —0.007]; Table 3,
Fig. 6). The predicted density of fishers in a grid
cell had a 93% probability of having a positive
effect on the density of gray foxes in the following
year (a6 median and 95% credible interval on the
log scale = 0.003 [-0.001, 0.007]; Table 3).

DiscussioN

Though measured in the short term, our
results are some of the first conclusive evidence
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to demonstrate the variable effects of wildfire on
the demography of carnivoran species. We found
that the wildfires that occurred in Klamath
affected fisher density negatively. Density of
fisher activity centers decreased in areas that
burned regardless of burn severity, while density
of gray fox activity centers decreased in areas
that burned at medium severity and increased in
areas that burned at high severity. We also found
that salvage logging following the Beaver Fire
affected both fishers and gray foxes negatively.
Further information on the long-term effects of
fire and salvage logging on carnivorans is essen-
tial, especially regarding changes in survival or
reproduction. The extent and intensity of wild-
fires are expected to increase under future cli-
mate scenarios (Stephens 2005, Lutz et al. 2009,
Miller et al. 2009, 2012), and our data suggest
that changing fire regimes will have negative
effects on fisher populations.

We estimated a 27% reduction in the total
number of fishers within our study area follow-
ing the fires, a decrease that largely occurred
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Table 2. Derived posterior parameter estimates for
apparent survival (¢) and recruitment (I') for fishers
and gray foxes over time in Klamath calculated
using a spatial open population spatial capture—
recapture model.

Credible interval

Species Parameter Mean SD 2.5 50.0 975
Fisher oot 067 0.4 041 067 095
G012 070 0.15 041 070 097
G013 068 014 041 068 095
2014 058 0.13 034 057 087
Poo1s 071 016 039 072 098
o012 003 003 000 0.03 0.10
o013 014 006 004 013 026
o014 011 006 001 011 024
008 005 001 007 0.18
o016 015 007 004 014 031
Gray fox oot 077 013 050 077 098
o012 074 013 050 073 097
2013 051 012 031 051 077
G014 088 0.0 064 090 1.00
2015 078 013 051 080 0.99
o012 007 005 000 0.05 020
o013 004 004 000 003 013
o014 008 006 000 007 022
o015 033 0.0 016 032 055
o016 010 009 000 0.08 033

Notes: Apparent survival estimates indicate the probabil-
ity that an individual present in that year will survive to the
following year and apparent recruitment estimates indicate
the probability that a previously undetected individual will
be recruited into the population in that year.

within the Beaver Fire perimeter, was irrespec-
tive of burn severity, and became apparent the
first full year following the fires. We posit that
the one-year lag in observed population decline
was due to our sampling occurring immediately
after the fires occurred in 2014, leaving little time
for fishers to alter their home ranges or space-use
patterns. Our population estimates were calcu-
lated for the entire study area and consequently
lack the precision needed to show statistically
significant changes in population size due to fire.
Nonetheless, we suspect that fishers whose home
ranges were burned either partially or com-
pletely in the Beaver Fire likely abandoned those
home ranges or perished due to indirect negative
effects from the fire (e.g., increased susceptibility
to predation, altered prey availability). The ani-
mals detected within the fire perimeters two or
more years following the Beaver Fire (1 female in
2015 and 1 male in 2016) were likely dispersing
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individuals attempting to establish home ranges
and the female was not detected again. Given fish-
ers’ territoriality, and the observed spatial responses
of fishers to fires that we have documented here, it
stands to reason that the fires caused major rear-
rangements of the space-use patterns of the fisher
population. The effects of wildfires on fisher popu-
lations elsewhere may be different and may also be
partially explained by forest conditions prior to the
occurrence of wildfires.

The population of gray foxes was decreasing
in Klamath prior to the wildfires, but rebounded
following them. Although we do not have any
data to know the mechanism for their declines,
one hypothesis is that the gray fox population in
Klamath was decreasing due to a disease out-
break before the wildfires occurred. Gray foxes
are widely distributed throughout North Amer-
ica and are highly susceptible to population-
limiting pathogens that cycle through wildlife
communities (Davidson et al. 1992). Although
fishers are susceptible to the same diseases that
negatively affect foxes (e.g., Keller et al. 2012), it
is possible that infection in fishers did not lead to
the same rate of mortality as seen in gray foxes.
An additional hypothesis for the decrease in the
gray fox population is negative effects from the
fisher population. Fishers limit the persistence of
gray fox occupancy in areas where they co-occur,
though foxes are also more likely to colonize
areas where fishers are present (Green et al.
2018). Similar to previous research (Green et al.
2018), we also found that gray fox density corre-
lated positively with fisher density in the previ-
ous year, indicating that gray fox density
increased in areas with high fisher density. Gray
foxes and fishers both persist on similar prey and
it is possible that this relationship is reflective of
this dietary overlap. Gray fox numbers increased
in 2015 and 2016 within the fire perimeters. Thus,
the gray fox population could have benefited
from the direct and indirect negative effects of
the wildfires on the fisher population. Yet
another hypothesis is that an unknown stochastic
event (e.g., decline in prey) could have affected
the gray fox population. If the decrease in the
number of gray foxes was mediated by some
other habitat-related change, however, we might
have seen concomitant declines in fisher num-
bers (Monterroso et al. 2016). Additional moni-
toring is needed to better understand the
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Table 3. Results from the generalized linear model that estimated the effects of burn severity and salvage logging
on fisher and gray fox density and distribution in Klamath.

Credible interval

Species Parameter Mean SD 2.5 50.0 97.5
Fisher a0011 —3.947 0.005 -3.956 -3.947 -3.938
a02012 —4.244 0.005 —4.253 —4.244 —4.235
a0z013 -3.822 0.005 -3.831 -3.822 -3.813
a0x014 -3.926 0.005 -3.936 -3.926 -3.917
a0z015 —4.253 0.005 —4.262 —4.253 —4.244
a02016 -3.974 0.005 -3.983 -3.974 -3.964

al-previous 0.145 0.002 0.141 0.145 0.150
a2-low fire -0.013 0.002 -0.016 -0.013 -0.010
a3-medium fire —0.020 0.002 -0.024 —-0.020 -0.017
a4-high fire -0.023 0.002 —-0.026 -0.023 —-0.020

a5-logged —0.005 0.002 -0.010 —-0.005 0.000
Gray fox a05011 -2.925 0.004 -2.932 -2.925 -2.917
a0z012 -3.260 0.004 -3.268 -3.260 -3.252
a05913 -3.418 0.004 -3.426 -3.418 -3.410
a02014 -3.737 0.004 -3.745 -3.737 -3.730
a05015 —2.940 0.005 -2.949 -2.940 -2.930
a02016 -3.343 0.004 -3.351 -3.343 -3.335

al-previous 0.189 0.002 0.185 0.189 0.193

a2-low fire 0.000 0.001 —-0.003 0.000 0.002

a3-medium fire —0.003 0.001 —0.006 —-0.003 0.000

a4-high fire 0.008 0.001 0.005 0.008 0.011
a5-logged -0.011 0.002 -0.015 -0.011 —-0.007

a6-fisher 0.003 0.002 —-0.001 0.003 0.007

Notes: We present the posterior parameter estimates for the year-specific intercept (a0), the effect of the density of fishers
and gray foxes in the previous year on current density (al), and the effects of the proportion of a grid cell that burned at low
(2), medium (a3), high severity (a4), and was salvage logged (a5) on the log scale. For foxes, we also included an effect of the

density of fishers in the previous year on gray fox density («6).

mechanisms influencing the gray fox population
in Klamath.

The fire regimes in western North American
landscapes are changing following decades of
fire suppression, timber harvest, and an increas-
ingly warmer and dryer climate (Odion et al.
2004, Calkin et al. 2015, Diffenbaugh et al. 2015,
Abatzoglou and Williams 2016, Zald and Dunn
2018). The long-term effects of these changing
fire regimes on forest-dependent species are
uncertain and require further research. The
short-term effects, however, are likely to be nega-
tive for some species. For species that persist in
restricted distributions and are sensitive from a
conservation perspective, such as the fisher,
rapid changes to forest structure could threaten
long-term persistence. The Klamath-Siskiyou
Ecoregion, where we studied fishers, was the
geographic center of the largest population of
fishers in the western United States (U.S. Fish
and Wildlife Service 2016b, Furnas et al. 2017). In
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the time since Furnas et al. (2017) estimated an
average density of 6.6 fishers per 100 km? (i.e.,
3196 fishers) in the ecoregion and adjacent areas,
nearly 11,910 km?® (24%) of their 48,760 km? esti-
mated distribution has burned through 2020
(National Interagency Fire Center 2021).
Although fishers adapted to persist in landscapes
that historically experienced periodic wildfires,
the increased size and severity of recent fires
(Jones et al. 2016, Coop et al. 2020) may have
lasting negative effects on their persistence (U.S.
Fish and Wildlife Service 2016b).

Empirically evaluating the effects of wildfires
on wildlife communities that depend on mature
forests is challenging due to the spatial and tem-
poral stochasticity of fires. Further, many studies
are unable to disentangle the effects of fires from
naturally occurring population variation due to a
lack of pre-fire data, small sample sizes, by only
examining short-term effects, or by studying
only a single species (see Rockweit et al. 2017).
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Fig. 6. Predicted density (# of activity centers per 0.25 km?) of fishers and gray foxes within the Beaver Fire
perimeter by varying amounts of fire (% burned) and salvage logging. The orange, light purple, and dark purple
circles indicate the predicted effects of varying amounts of salvage logging on fisher and gray fox density.

By leveraging a unique multi-species data set
that spanned the periods before, during, and
after disturbance events in Klamath, we were
able to elucidate the short-term effects of wildfire
and salvage logging on the spatial ecology,
demography, and interspecific interactions of
two carnivorans of interest. Non-invasive genetic
sampling is an efficient method for multi-species
monitoring (Golding et al. 2018) and was critical
in the current work for evaluating the effects of
these stochastic events on two species concur-
rently. As exemplified by the current work, this
technique can provide a powerful approach to
evaluate the effects of stochastic events and land-
scape change on the distribution, demography,
and interspecific interactions of wildlife.
Nonetheless, there are some limitations to this
work. Our results are limited in that they reflect
the effects of three fires on a single study area,
consider only the short-term effects of these fires
and salvage logging, and estimate the correlation
of population changes to the occurrence of fires
and salvage logging. As has been documented in
reviews of wildlife responses to wildfires (Geary
et al. 2020, Volkmann et al. 2020), it is also
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possible that the effects of wildfires on species or
populations may vary due to spatial or temporal
variations in landscape structure and fire charac-
teristics. Reaching a consensus on the effects of
mixed-severity wildfires on forest species may
require estimating the responses of many taxa to
wildfires of varying frequency and severity, and
an investment in research on the long-term effects
of wildfire on wildlife populations and communi-
ties. Given the slow life histories of many carnivo-
rans, including fishers, long-term multi-species
monitoring is imperative to understand and to
differentiate between short- and long-term effects.

Forest and fuels management, fire, and post-
fire forest management under the influence of a
changing climate will have an outsized role in
the conservation of forest-obligate carnivorans.
We found that the estimated 21 km? of salvage
logging that occurred within the Beaver Fire
perimeter had additive negative effects on the
density of both fishers and gray foxes (Fig. 6).
Logging following wildfires can alter forest suc-
cession trajectories and reduce biodiversity
(Thorn et al. 2018). Although the short-term
effects of fuels management and restoration on
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mature forest-dependent species are variable,
limited evidence suggests that fuels treatments
have negative effects on fisher occupancy and
population size (e.g., Thompson et al. 2011,
Scheller et al. 2011, Garner 2013, Sweitzer et al.
2016), and alter the movement patterns and
physiology of similar mustelid species (Moriarty
et al. 2016, Martin et al. 2020). Whether these
effects are mitigated by the indirect, positive
effects of fuels treatments to reducing the extent
and severity of wildfires is unclear. We do not
know the effects, if any, of previous fuels man-
agement on the population of fishers in Klamath
or how fuels treatments influenced the wildfires
we studied here.

Continued conservation of fishers and other
forest-dependent species will require an under-
standing of the tradeoffs between short- and
long-term effects of fuels management alterna-
tives and varying wildfire severities to habitat
and population densities (Tempel et al. 2015,
Sweitzer et al. 2016). The negative consequences
of fuels management may outweigh the negative
effects of increasingly frequent and severe wild-
fire regimes (Scheller et al. 2011, Sweitzer et al.
2016, Ganey et al. 2017, Rockweit et al. 2017, Ban-
erjee 2020, Stephens et al. 2020, Knapp et al.
2021). For instance, forest conditions used by
fishers for reproduction in a fire-suppressed
landscape in the southern Sierra Nevada, USA,
were also found in a neighboring landscape with
a largely restored fire regime, although fishers
did not occupy the fire-restored landscape
(Blomdahl et al. 2019). Conservation of forest-
dependent species in changing wildfire regimes
will require a balance between the short-term
effects of fuels management and restoration with
the negative effects of high-severity wildfires
under a changing climate. By disentangling these
forces, we may be able to conserve sensitive
wildlife communities in a changing world.

ACKNOWLEDGMENTS

We thank the many field technicians and supporters
that have made this research possible over the dura-
tion of the study, including John Morris, Laura Finley,
J. Scott Yaeger, Stuart Farber, Richard Callas, Robert
Swiers, Bob Hawkins, Aaron Facka, Erika Anderson,
Taylor Peltier, Tim Shaw, Tom Franklin, Jenny Whi-
taker, Steve Burton, Terry Salvestro, Bobby Douglas,

ECOSPHERE % www.esajournals.org

GREEN ET AL.

Joey Gentry, and Dirk Embree. We thank Cory Engkjer
for laboratory assistance. This project was funded by
the U.S. Fish and Wildlife Service, California Depart-
ment of Fish and Wildlife, U.S. Forest Service Rocky
Mountain Research Station, USDA Forest Service (Kla-
math National Forest), Fruit Growers Supply Com-
pany, Michigan-California Timber Company, Sierra
Pacific Industries, the National Council for Air and
Stream Improvement, and North Carolina State
University. We also thank Ben Sacks for his assistance
with gray fox genetic analyses and for contributions to
earlier versions of this manuscript. We thank the Cor-
responding Editor and two anonymous reviewers
for their thoughtful edits and suggestions, which
improved this manuscript.

LiTeraTurRE CITED

Abatzoglou, J. T, and A. P. Williams. 2016. Impact of
anthropogenic climate change on wildfire across
western US forests. Proceedings of the National
Academy of Sciences of the United States of Amer-
ica 113:11770-11775.

Adams, M. A. 2013. Mega-fires, tipping points and
ecosystem services: managing forests and wood-
lands in an uncertain future. Forest Ecology and
Management 294:250-261.

Arjo, W. M., and D. H. Peltscher. 2004. Coyote and
wolf habitat use in Northwestern Montana. North-
west Science 78:24-32.

Balch, J. K., B. A. Bradley, ]. T. Abatzoglou, R. C. Nagy,
E. J. Fusco, and A. L. Mahood. 2017. Human-
started wildfires expand the fire niche across the
United States. Proceedings of the National Acad-
emy of Sciences of the United States of America
114:2946-2951.

Banerjee, T. 2020. Impacts of forest thinning on wild-
land fire behavior. Forests 11:918.

Basto, M. P, M. Rodrigues, M. Santos-Reis, M. W. Bru-
ford, and C. A. Fernandes. 2010. Isolation and char-
acterization of 13 tetranucleotide microsatellite loci
in the Stone marten (Martes foina). Conservation
Genetics Resources 2:317-319.

Birtsas, P, C. Sokos, and S. Exadactylos. 2012.
Carnivores in burned and adjacent unburned areas
in a Mediterranean ecosystem. Mammalia 76:407—
415.

Blomdahl, E. M., C. M. Thompson, J. R. Kane, V. R.
Kane, D. Churchill, L. M. Moskal, and J. A. Lutz.
2019. Forest structure predictive of fisher (Pekania
pennanti) dens exists in recently burned forest in
Yosemite, California, USA. Forest Ecology and
Management 444:174-186.

Bond, M. L., C. Bradley, and D. E. Lee. 2016. Foraging
habitat selection by California spotted owls after

January 2022 %¢ Volume 13(1) *%* Article e03877



fire: spotted Owls and Fire. Journal of Wildlife
Management 80:1290-1300.

Bond, M. L., R. J. Gutiérrez, A. B. Franklin, W. S.
LaHaye, C. A. May, and M. E. Seamans. 2002.
Short-term effects of wildfires on spotted owl
survival, site fidelity, mate fidelity, and reproduc-
tive success. Wildlife Society Bulletin 30:1022-
1028.

Bond, M. L, D. E. Lee, R. B. Siegel, and J. P. Ward, Jr.
2009. Habitat use and selection by California spot-
ted owls in a postfire landscape. Journal of Wildlife
Management 73:1116-1124.

Bowman, D. M. J. S, et al. 2011. The human dimension
of fire regimes on Earth. Journal of Biogeography
38:2223-2236.

Breiman, L. 2001. Random forests. Machine Learning
45:5-32.

Calkin, D. E., M. P. Thompson, and M. A. Finney. 2015.
Negative consequences of positive feedbacks in US
wildfire management. Forest Ecosystems 2:9.

Clark, D. A, R. G. Anthony, and L. S. Andrews. 2011.
Survival rates of northern spotted owls in post-fire
landscapes of southwest Oregon. Journal of Raptor
Research 45:38-47.

Clark, D. A., R. G. Anthony, and L. S. Andrews. 2013.
Relationship between wildfire, salvage logging,
and occupancy of nesting territories by northern
spotted owls. Journal of Wildlife Management 77:
672-688.

Coop, J. D., et al. 2020. Wildfire-driven forest conver-
sion in Western North American landscapes. BioS-
cience 70:659-673.

Dallas, J. F., and S. B. Piertney. 1998. Microsatellite pri-
mers for the Eurasian otter. Molecular Ecology
7:1248-1251.

Davidson, W. R., V. F. Nettles, L. E. Hayes, E. W. How-
erth, and C. E. Couvillion. 1992. Diseases diag-
nosed in gray foxes (Urocyon cinereoargenteus) from
the southeastern United States. Journal of Wildlife
Diseases 28:28-33.

Davis, C. S., and C. Strobeck. 1998. Isolation, variabil-
ity, and cross-species amplification of polymorphic
microsatellite loci in the family Mustelidae. Molec-
ular Ecology 7:1776-1778.

Diffenbaugh, N. S., D. L. Swain, and D. Touma. 2015.
Anthropogenic warming has increased drought
risk in California. Proceedings of the National
Academy of Sciences of the United States of Amer-
ica 112:3931-3936.

Douglas, C. W., and M. A. Strickland. 1987. Fisher.
Pages 510-529 in M. Novak, J. A. Baker, M. E.
Obbard, and B. Malloch, editors. Wild furbearer
management and conservation in North America.
Ontario Ministry of Natural Resources, Ontario,
Canada.

ECOSPHERE ** www.esajournals.org

GREEN ET AL.

Duffy, A.J., A. Landa, M. O’Connell, C. Stratton, and J.
M. Wright. 1998. Four polymorphic microsatellites
in wolverine, Gulo gulo. Animal Genetics 29:63.

Eby, S., A. Mosser, A. Swanson, C. Packer, and M.
Ritchie. 2013. The impact of burning on lion Pan-
thera leo habitat choice in an African savanna. Cur-
rent Zoology 59:335-339.

Efford, M. 2004. Density estimation in live-trapping
studies. Oikos 106:598-610.

Eggert, L. S., J. A. Eggert, and D. S. Woodruff. 2003.
Estimating population sizes for elusive animals:
the forest elephants of Kakum National Park,
Ghana. Molecular Ecology 12:1389-1402.

Eidenshink, J., B. Schwind, K. Brewer, Z.-L. Zhu, B.
Quayle, and S. Howard. 2007. A project for moni-
toring trends in burn severity. Fire Ecology 3:3-21.

Eyes, S. A., S. L. Roberts, and M. D. Johnson. 2017. Cal-
ifornia Spotted Owl (Strix occidentalis occidentalis)
habitat use patterns in a burned landscape. Condor
119:375-388.

Fleming, M. A., E. A. Ostrander, and J. A. Cook. 1999.
Microsatellite markers for American mink (Mustela
vison) and ermine (Mustela erminea). Molecular
Ecology 8:1352-1354.

Francisco, L. V., A. A. Langsten, C. S. Mellersh, C. L.
Neal, and E. A. Ostrander. 1996. A class of highly
polymorphic tetranucleotide repeats for canine
genetic mapping. Mammalian Genome 7:359-362.

Fredholm, M., and A. K. Winterg. 1995. Variation of
short tandem repeats within and between species
belonging to the Canidae family. Mammalian Gen-
ome 6:11-18.

Freeman, E., and T. Frescino. 2009. ModelMap: model-
ing and map production using random forest and
related stochastic models. R package. https://www.
rdocumentation.org/packages/ModelMap

Furnas, B. J., R. H. Landers, R. L. Callas, and S. M.
Matthews. 2017. Estimating population size of fish-
ers (Pekania pennanti) using camera stations and aux-
iliary data on home range size. Ecosphere 8:01747.

Ganey, J. L, H. Y. Wan, S. A. Cushman, and C. D.
Vojta. 2017. Conlflicting perspectives on spotted
owls, wildfire, and forest restoration. Fire Ecology
13:146-165.

Gardner, B., J. Reppucci, M. Lucherini, and J. A. Royle.
2010. Spatially explicit inference for open popula-
tions: estimating demographic parameters from
camera-trap studies. Ecology 91:3376-3383.

Garner, J. D. 2013. Selection of disturbed habitat by
fishers (Martes Pennanti) in the Sierra National
Forest. Arcata, California, USA.

Geary, W. L., T. S. Doherty, D. G. Nimmo, A. I. T. Tul-
loch, and E. G. Ritchie. 2020. Predator responses to
fire: a global systematic review and meta-analysis.
Journal of Animal Ecology 89:955-971.

January 2022 % Volume 13(1) %* Article e03877


https://www.rdocumentation.org/packages/ModelMap
https://www.rdocumentation.org/packages/ModelMap

Geary, W. L., E. G. Ritchie, J. A. Lawton, T. R. Healey,
and D. G. Nimmo. 2018. Incorporating disturbance
into trophic ecology: Fire history shapes meso-
predator suppression by an apex predator. Journal
of Applied Ecology 55:1594-1603.

Gelman, A, J. B. Carlin, H. S. Stern, D. B. Dunson, A.
Vehtari, and D. B. Rubin. 2013. Bayesian data anal-
ysis. Chapman and Hall/CRC, Boca Raton, Florida,
USA.

Gelman, A. and J. Hill. 2006. Data analysis using
regression and multilevel/hierarchical models. Cam-
bridge University Press, New York, New York, USA.

Golding, J. D., M. K. Schwartz, K. S. McKelvey, J. R.
Squires, S. D. Jackson, C. Staab, and R. B. Sadak.
2018. Pages 388. Multispecies mesocarnivore moni-
toring: USDA Forest Service multiregional moni-
toring approach. Gen. Tech. Rep. RMRS-GTR-388.
US, Department of Agriculture, Forest Service,
Rocky Mountain Research Station. 68, Fort Collins,
Colorado, USA.

Gorelick, N., M. Hancher, M. Dixon, S. Ilyushchenko,
D. Thau, and R. Moore. 2017. Google Earth Engine:
planetary-scale geospatial analysis for everyone.
Remote Sensing of Environment 202:18-27.

Green, D. S,, S. M. Matthews, R. C. Swiers, R. L. Callas,
J. Scott Yaeger, S. L. Farber, M. K. Schwartz, and R.
A. Powell. 2018. Dynamic occupancy modelling
reveals a hierarchy of competition among fishers,
grey foxes and ringtails. Journal of Animal Ecology
87:813-824.

Green, D. S., G. J. Roloff, B. R. Heath, and K. E. Hole-
kamp. 2015. Temporal dynamics of the responses
by African mammals to prescribed fire. Journal of
Wildlife Management 79:235-242.

Green, R. H. 1979. Sampling design and statistical
methods for environmental biologists. John Wiley
& Sons, Chichester, UK.

Hedmark, E., @. Flagstad, P. Segerstrom, J. Persson, A.
Landa, and H. Ellegren. 2004. DNA-based individ-
ual and sex identification from wolverine (Gulo
qulo) faeces and urine. Conservation Genetics
5:405-410.

Jenness, J. S., P. Beier, and J. L. Ganey. 2004. Associa-
tions between forest fire and Mexican Spotted
Owls. Forest Science 50:765-772.

Jones, G. M., et al. 2020. Habitat selection by spotted
owls after a megafire reflects their adaptation to
historical frequent-fire regimes. Landscape Ecology
35:1199-1213.

Jones, G. M., R. J. Gutiérrez, D. J. Tempel, S. A. Whit-
more, W. J. Berigan, and M. Z. Peery. 2016. Mega-
fires: an emerging threat to old-forest species.
Frontiers in Ecology and the Environment 14:300-306.

Jordan, M. ], J. M. Higley, S. M. Matthews, O. E.
Rhodes, M. K. Schwartz, R. H. Barrett, and P. J.

ECOSPHERE % www.esajournals.org

GREEN ET AL.

Palsbgll. 2007. Development of 22 new microsatel-
lite loci for fishers (Martes pennanti) with variability
results from across their range. Molecular Ecology
Notes 7:797-801.

Keller, S. M., M. Gabriel, K. A. Terio, E. J. Dubovi, E.
VanWormer, R. Sweitzer, R. Barret, C. Thompson,
K. Purcell, and L. Munson. 2012. Canine distemper
in an isolated population of fishers (Martes pen-
nanti) from California. Journal of Wildlife Diseases
48:1035-1041.

Knapp, E. E., A. A. Bernal, ]. M. Kane, C. ]. Fettig, and
M. P. North. 2021. Variable thinning and prescribed
fire influence tree mortality and growth during
and after a severe drought. Forest Ecology and
Management 479:118595.

Knaus, B. J., R. Cronn, A. Liston, K. Pilgrim, and M. K.
Schwartz. 2011. Mitochondrial genome sequences
illuminate maternal lineages of conservation con-
cern in a rare carnivore. BMC Ecology 11:10.

Krohn, W. 2012. Distribution changes of American
martens and fishers in eastern North America,
1699-2001. Pages 58-73 in K. B. Aubry, W. J. Zielin-
ski, M. G. Raphael, G. Proulx, and S. W. Buskirk.
editors. Biology and conservation of martens,
sables, and fishers. Ithaca, New York, USA: Cornell
University Press.

Lee, D. E. 2018. Spotted Owls and forest fire: a system-
atic review and meta-analysis of the evidence. Eco-
sphere 9:02354.

Lee, D. E., and M. L. Bond. 2015. Occupancy of Califor-
nia Spotted Owl sites following a large fire in the
Sierra Nevada, California. Condor 117:228-236.

Lee, D. E., M. L. Bond, and R. B. Siegel. 2012. Dynamics
of breeding-season site occupancy of the California
Spotted Owl in burned forests. Condor 114:792-802.

Liaw, A., and M. Wiener. 2002. Classification and
regression by randomForest. R News 2:18-22.

Linden, D. W., A. K. Fuller, J. A. Royle, and M. P. Hare.
2017. Examining the occupancy-density relation-
ship for a low-density carnivore. Journal of
Applied Ecology 54:2043-2052.

Liu, Y., S. L. Goodrick, and J. A. Stanturf. 2013. Future
U.S. wildfire potential trends projected using a
dynamically downscaled climate change scenario.
Forest Ecology and Management 294:120-135.

Lutz, J. A., J. W. van Wagtendonk, A. E. Thode, J. D.
Miller, and J. F. Franklin. 2009. Climate, lightning
ignitions, and fire severity in Yosemite National
Park, California, USA. International Journal of
Wildland Fire 18:765-774.

Martin, M. E., K. M. Moriarty, and ]. N. Pauli. 2020.
Forest structure and snow depth alter the move-
ment patterns and subsequent expenditures of a
forest carnivore, the Pacific marten. Oikos 129:
356-366.

January 2022 %¢ Volume 13(1) *%* Article e03877



Matthews, S. M., ]J. M. Higley, J. S. Yaeger, and T. K.
Fuller. 2011. Density of fishers and the efficacy of
relative abundance indices and small-scale occu-
pancy estimation to detect a population decline on
the Hoopa Valley Indian Reservation, California.
Wildlife Society Bulletin 35:69-75.

McKelvey, K. S., and M. K. Schwartz. 2005. dropout: a
program to identify problem loci and samples for
noninvasive genetic samples in a capture-mark-
recapture framework. Molecular Ecology Notes
5:716-718.

Miller, J. D., H. D. Safford, M. Crimmins, and A. E.
Thode. 2009. Quantitative evidence for increasing
forest fire severity in the Sierra Nevada and South-
ern Cascade Mountains, California and Nevada,
USA. Ecosystems 12:16-32.

Miller, J. D., C. N. Skinner, H. D. Safford, E. E. Knapp,
and C. M. Ramirez. 2012. Trends and causes of
severity, size, and number of fires in northwestern
California, USA. Ecological Applications 22:184-203.

Monterroso, P, et al. 2016. Disease-mediated bottom-
up regulation: An emergent virus affects a key-
stone prey, and alters the dynamics of trophic
webs. Scientific Reports 6:36072.

Moore, M. S., K. Brown, and B. N. Sacks. 2010. Thirty-
one short red fox (Vulpes wvulpes) microsatellite
markers. Molecular Ecology Resources 10:404—408.

Moriarty, K. M., C. W. Epps, and W. ]. Zielinski. 2016.
Forest thinning changes movement patterns and
habitat use by Pacific marten. Journal of Wildlife
Management 80:621-633.

Myers, N., R. A. Mittermeier, C. G. Mittermeier, G. A.
B. da Fonseca, and ]. Kent. 2000. Biodiversity hot-
spots for conservation priorities. Nature 403:853—
858.

National Interagency Fire Center. 2021. Incident man-
agement teams. https://www.nifc.gov/resources/
firefighters/incident-management-teams

Nelson, J. L., B. L. Cypher, C. D. Bjurlin, and S. Creel.
2007. Effects of habitat on competition between kit
foxes and coyotes. Journal of Wildlife Management
71:1467-1475.

North, M. P, et al. 2019. Tamm Review: reforestation
for resilience in dry western U.S. forests. Forest
Ecology and Management 432:209-224.

North, M. P, S. L. Stephens, B. M. Collins, J. K. Agee,
G. Aplet, J. F. Franklin, and P. Z. Fule. 2015. Reform
forest fire management. Science 349:1280-1281.

Noss, R. E,, J. E. Franklin, W. L. Baker, T. Schoennagel,
and P. B. Moyle. 2006. Managing fire-prone forests
in the western United States. Frontiers in Ecology
and the Environment 4:481-487.

Odion, D. C,, E. J. Frost, J. R. Strittholt, H. Jiang, D. A.
Dellasala, and M. A. Moritz. 2004. Patterns of fire
severity and forest conditions in the Western

ECOSPHERE ** www.esajournals.org

GREEN ET AL.

Klamath Mountains, California. Conservation Biol-
ogy 18:927-936.

Olofsson, P.,, G. M. Foody, M. Herold, S. V. Stehman, C.
E. Woodcock, and M. A. Wulder. 2014. Good prac-
tices for estimating area and assessing accuracy of
land change. Remote Sensing of Environment
148:42-57.

Ortega, J.,, M. del Rosario Franco, B. A. Adams, K.
Ralls, and J. E. Maldonado. 2004. A reliable, non-
invasive method for sex determination in the
endangered San Joaquin kit fox (Vulpes macrotis
mutica) and other canids. Conservation Genetics
5:715-718.

Ostrander, E. A., G. F. Sprague Jr., and J. Rine. 1993.
Identification and characterization of dinucleotide
repeat (CA)n markers for genetic mapping in dog.
Genomics 16:207-213.

Peakall, R., and P. E. Smouse. 2006. genalex 6: genetic
analysis in Excel. Population genetic software for
teaching and research. Molecular Ecology Notes
6:288-295.

Peery, M. Z., G. M. Jones, R. J. Gutiérrez, S. M. Red-
path, A. B. Franklin, D. Simberloff, M. G. Turner, V.
C. Radeloff, and G. C. White. 2019. The conun-
drum of agenda-driven science in conservation.
Frontiers in Ecology and the Environment 17:80—
82.

Plummer, M. 2003. JAGS: a program for analysis of
Bayesian graphical models using Gibbs sampling.
Proceedings of the 3rd International Workshop on
Distributed Statistical Computing 124:1-10.

Popescu, V. D., P. de Valpine, and R. A. Sweitzer. 2014.
Testing the consistency of wildlife data types
before combining them: the case of camera traps
and telemetry. Ecology and Evolution 4:933-943.

Powell, R. A. 1993. The fisher: life history, ecology, and
behavior. University of Minnesota Press, Min-
neapolis, Minnesota, USA.

R Core Team. 2020. R: a language and environment for
statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. https://www.R-
project.org/

Roberts, S. L., ]. W. van Wagtendonk, A. K. Miles, and
D. A. Kelt. 2011. Effects of fire on spotted owl site
occupancy in a late-successional forest. Biological
Conservation 144:610-619.

Rockweit, J. T., A. B. Franklin, and P. C. Carlson. 2017.
Differential impacts of wildfire on the population
dynamics of an old-forest species. Ecology
98:1574-1582.

Royle, J. A, R. B. Chandler, R. Sollmann, and B. Gard-
ner. 2014. Spatial capture-recapture. Academic
Press, Waltham, Massachusetts, USA.

Royle, J. A., R. M. Dorazio, and W. A. Link. 2007. Anal-
ysis of multinomial models with unknown index

January 2022 % Volume 13(1) %* Article e03877


https://www.nifc.gov/resources/firefighters/incident-management-teams
https://www.nifc.gov/resources/firefighters/incident-management-teams
https://www.R-project.org/
https://www.R-project.org/

using data augmentation. Journal of Computa-
tional and Graphical Statistics 16:67-85.

Royle, J. A, and K. V. Young. 2008. A hierarchical
model for spatial capture-recapture data. Ecology
89:2281-2289.

Ruggiero, L. F,, K. B. Aubry, S. W. Buskirk, L. J. Lyon,
and W. J. Zielinski. 1994. The scientific basis for
conserving forest carnivores: American marten,
fisher, lynx and wolverine in the Western United
States. General technical report RM-254. USDA
Forest Service, Rocky Mountain Forest and Range
Experiment Station, Fort Collins, Colorado, USA.

Scheller, R. M., W. D. Spencer, H. Rustigian-Romsos,
A. D. Syphard, B. C. Ward, and J. R. Strittholt.
2011. Using stochastic simulation to evaluate com-
peting risks of wildfires and fuels management on
an isolated forest carnivore. Landscape Ecology
26:1491-1504.

Schroeder, T. A., M. A. Wulder, S. P. Healey, and G. G.
Moisen. 2011. Mapping wildfire and clearcut har-
vest disturbances in boreal forests with Landsat
time series data. Remote Sensing of Environment
115:1421-1433.

Schroeder, T. A., M. A. Wulder, S. P. Healey, and G. G.
Moisen. 2012. Detecting post-fire salvage logging
from Landsat change maps and national fire survey
data. Remote Sensing of Environment 122:166-174.

Schuette, P. A., J. E. Diffendorfer, D. H. Deutschman, S.
Tremor, and W. Spencer. 2014. Carnivore distribu-
tions across chaparral habitats exposed to wildfire
and rural housing in southern California. Interna-
tional Journal of Wildland Fire 23:591-600.

Schwartz, M. K., K. B. Aubry, K. S. Mckelvey, K. L. Pil-
grim, J. P. Copeland, ]J. R. Squires, R. M. Inman, S.
M. Wisely, and L. F. Ruggiero. 2007. Inferring geo-
graphic isolation of wolverines in California using
historical DNA. Journal of Wildlife Management
71:2170-2179.

Spies, T. A., P. A. Stine, R. Gravenmier, J. W. Long, M.
J. Reilly, and R. Mazza. 2018. Pages 970. Synthesis
of science to inform land management within the
Northwest Forest Plan area: executive summary.
Gen. Tech. Rep. PNW-GTR-970. Volume 186. U.S.
Department of Agriculture, Forest Service, Pacific
Northwest Research Station, Portland, Oregon, USA.

Stephens, S. L. 2005. Forest fire causes and extent on
United States Forest Service lands. International
Journal of Wildland Fire 14:213-222.

Stephens, S. L., et al. 2009. Fire treatment effects on
vegetation structure, fuels, and potential fire sever-
ity in western U.S. forests. Ecological Applications
19:305-320.

Stephens, S. L., et al. 2014. Temperate and boreal forest
mega-fires: characteristics and challenges. Frontiers
in Ecology and the Environment 12:115-122.

ECOSPHERE % www.esajournals.org

GREEN ET AL.

Stephens, S. L., B. M. Collins, C. J. Fettig, M. A. Finney,
C. M. Hoffman, E. E. Knapp, M. P. North, H. Saf-
ford, and R. B. Wayman. 2018. Drought, tree mor-
tality, and wildfire in forests adapted to frequent
fire. BioScience 68:77-88.

Stephens, S. L., A. L. Westerling, M. D. Hurteau, M. Z.
Peery, C. A. Schultz, and S. Thompson. 2020. Fire
and climate change: conserving seasonally dry for-
ests is still possible. Frontiers in Ecology and the
Environment 18:354-360.

Sweitzer, R. A., and B. J. Furnas. 2016. Data from
camera surveys identifying co-occurrence and
occupancy linkages between fishers (Pekania pen-
nanti), rodent prey, mesocarnivores, and larger
predators in mixed-conifer forests. Data in Brief
6:783-792.

Sweitzer, R. A., B.J. Furnas, R. H. Barrett, K. L. Purcell,
and C. M. Thompson. 2016. Landscape fuel
reduction, forest fire, and biophysical linkages to
local habitat use and local persistence of fishers
(Pekania pennanti) in Sierra Nevada mixed-conifer
forests. Forest Ecology and Management 361:208—
225.

Tempel, D. ], et al. 2015. Evaluating short- and
long-term impacts of fuels treatments and simu-
lated wildfire on an old-forest species. Ecosphere
6:261.

Thompson, C. M., W. J. Zielinski, and K. L. Purcell.
2011. Evaluating management risks using land-
scape trajectory analysis: a case study of California
fisher. Journal of Wildlife Management 75:1164—
1176.

Thorn, S., et al. 2018. Impacts of salvage logging on
biodiversity: a meta-analysis. Journal of Applied
Ecology 55:279-289.

Tucker, J. M., M. K. Schwartz, R. L. Truex, K. L. Pil-
grim, and F. W. Allendorf. 2012. Historical and con-
temporary DNA indicate fisher decline and
isolation occurred prior to the European settlement
of California. PLoS One 7:€52803.

U.S. Fish and Wildlife Service. 2016a. Petition findings
and initiation of status review; Endangered and
Threatened wildlife and plants; 90-day Findings on
17 petitions. Federal Register 81:1373-1374.

U.S. Fish and Wildlife Service. 2016b. Final species
report, fisher (Pekania pennanti), West Coast Popu-
lation. US Fish and Wildlife Service, Yreka, Califor-
nia, USA.

U.S. Fish and Wildlife Service. 2020. Endangered and
threatened wildlife and plants; endangered species
status for Southern Sierra Nevada distinct popula-
tion segment of fisher. Federal Register 85:29532—
29589.

Van Oosterhout, C., W. F. Hutchinson, D. P. M. Wills,
and P. Shipley. 2004. micro-checker: software for

January 2022 %¢ Volume 13(1) *%* Article e03877



identifying and correcting genotyping errors in
microsatellite data. Molecular Ecology Notes
4:535-538.

Vincent, I. R., A. Farid, and C. J. Otieno. 2003. Variabil-
ity of thirteen microsatellite markers in American
mink (Mustela vison). Canadian Journal of Animal
Science 83:597-599.

Volkmann, L. A,, J. Hutchen, and K. E. Hodges. 2020.
Trends in carnivore and ungulate fire ecology
research in North American conifer forests. Forest
Ecology and Management 458:117691.

Walker, C. W,, C. Vila, A. Landa, M. Lindén, and H.
Ellegren. 2001. Genetic variation and population
structure in Scandinavian wolverine (Gulo gulo)
populations. Molecular Ecology 10:53-63.

Westerling, A. L., H. G. Hidalgo, D. R. Cayan, and T.
W. Swetnam 2006. Warming and earlier spring
increase Western U.S. forest wildfire activity.
Science 313:940-943.

GREEN ET AL.

Westerling, A. L. 2016. Increasing western US forest
wildfire activity: sensitivity to changes in the tim-
ing of spring. Philosophical Transactions of the
Royal Society B 371:20150178.

Weston, J. L., N. A. Schable, and T. C. Glenn. 2004.
Characterization of six microsatellite primers for
the grey fox (Urocyon cinereoargenteus). Molecular
Ecology Notes 4:503-505.

Whittaker, R. H. 1960. Vegetation of the Siskiyou
Mountains, Oregon and California. Ecological
Monographs 30:279-338.

Zald, H. S.]., and C. J. Dunn. 2018. Severe fire weather
and intensive forest management increase fire
severity in a multi-ownership landscape. Ecologi-
cal Applications 28:1068-1080.

Zielinski, W. J., E. V. Schlexer, K. L. Pilgrim, and M. K.
Schwartz. 2006. The efficacy of wire and glue hair
snares in identifying mesocarnivores. Wildlife Soci-
ety Bulletin 34:1152-1161.

SUPPORTING INFORMATION

Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/d0i/10.1002/ecs2.

3877/full

ECOSPHERE ** www.esajournals.org

22

January 2022 % Volume 13(1) %* Article e03877


http://onlinelibrary.wiley.com/doi/10.1002/ecs2.3877/full
http://onlinelibrary.wiley.com/doi/10.1002/ecs2.3877/full

