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Forests support the majority (ca. 70%) of terrestrial biodiversity on Earth, but
the demand for economic outputs from these areas has resulted in global biodiversity
decline during the Anthropocene. In particular, removal of large old trees and
conversion of old growth forests into single-species, single-age plantations have
degraded forests and have drawn much attention in the last 50 years. Despite decades
of research, especially in the Pacific Northwest, we still do not understand how many
species, taxonomic communities, and ecosystems respond to these disturbances. In
this dissertation, my objective was to examine the role of disturbance and the
importance of remaining old growth forests in the Pacific Northwest at multiple
scales ranging from the response of a single species to a whole ecosystem. Between
2017 and 2019, I collected traditional and next generation natural history data using
carnivore scats, camera traps, radiotelemetry, bulk invertebrate traps, soil cores, and
observations in the H. J. Andrews Experimental Forest and the surrounding
Willamette National Forest, which are located on the western slope of the Oregon

Cascade Range.



In chapter 2 and 3, I investigated the diet and spatial ecology of western
spotted skunks in a landscape that consisted of a mosaic of previously logged stands
and old growth forest and showed that western spotted skunks are generalist
carnivores that consume vertebrates, invertebrates, and plants and utilize forests of
varying ages. In chapter 2, I demonstrated that western spotted skunks provide
important connections between arboreal, terrestrial, and aquatic systems and that they
could switch their primary food source from mammals in the wet season to insects,
mainly wasps, during the dry season. Their diet could be influenced by the landscape
of disturbance because scats collected in areas with a greater proportion of forest that
was previously logged within 1 km (a skunk’s home range size) were less likely to
contain insects. In chapter 3, I combined detections by camera traps and locations of
radio-collared individuals to conduct a multi-spatial-scale analysis on the habitat
requirements of western spotted skunks. At both the home range and landscape
scales, western spotted skunks selected wetter areas and local valleys that could
provide resources such as food items described in chapter 2. At the home-range scale,
I found that western spotted skunks selected areas with lower predation risk and areas
surrounded by more previously logged forest, but at the landscape scale, occupancy
models revealed that predicted occupancy was higher in areas with more mature
forest within 5 km. Despite being widely distributed across the study area and highly
detectable with baited camera traps, seasonal western spotted skunk occupancy was
sensitive to disturbance, cold temperatures, and accumulated snow, which was
evident when seasonal occupancy declined significantly following a severe heavy

snow event in February 2019.

In chapter 4, I explored methods of quantifying the abundance of a single
taxonomic group, the small mammal community, in old growth stands. By pairing
capture-recapture data where individual identities are known with unmarked camera
trap data where identities of individuals are unknown, I compared the performance of
a suite of unmarked methods including average encounter rates, N-mixture models,
time-to-event, space-to-event, and unmarked spatial-capture recapture models for
estimating densities of deer mice, Townsend’s chipmunks, and Humboldt flying

squirrels at 8 independent sites. I was able to produce accurate density estimates using



unmarked models for Townsend’s chipmunks, a species for which the sampling
scheme fit its natural history and occurred at medium densities at the sites studied.
Despite its simplicity, average encounter rates consistently yielded positively
correlated relative density estimates in relation to marked model density estimates for
all three species tested. These results provide a way forward to directly estimate
densities of small mammals across large spatial extents with less effort than
traditional invasive capture-recapture methods, which can be used to understand

relationships between vegetation structure, small mammals, and higher trophic levels.

Finally in chapter 5, I quantified biodiversity of multiple taxa harbored in
temperate rainforest stands and evaluated how biodiversity changed with elevation
and time since disturbance. I found that sites in previously logged forests generally
had higher species diversity across all taxa except for overstory trees, but sites in old
growth forests had distinct communities. Even though many species were resilient to
disturbance, many species benefited from longer times since disturbance in terms of
abundance. Patterns observed in one taxon were not immediately apparent in other
taxa and each taxon responded differently to site-level and landscape-level
environmental variables, suggesting that studying one species let alone one taxon is

not sufficient to make landscape-level conservation or management decisions.

Together, findings from this dissertation advance our understanding of old
growth forests in the temperate rainforests of the Pacific Northwest. By studying a
single species in detail, I showed how nuanced the relationships between a species
and its environment can be. Scaling up to the perspective of an entire ecosystem, |
demonstrated how information about a single species can be combined with others to
understand community dynamics and the drivers of species loss and accumulation.
Furthermore, these studies provide examples of methods and information necessary to

make science-based informed decisions for biodiversity conservation.
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CHAPTER 1 — GENERAL INTRODUCTION

The majority of terrestrial biodiversity on Earth is supported by forested
systems (International Union for Conservation of Nature 2017), but the demand for
economic outputs from these areas has resulted in widespread deforestation and forest
degradation (Betts et al. 20175b). Forest loss and degradation have contributed
significantly to what some call “the sixth extinction crisis” (Ceballos et al. 2015),
where population trends across multiple taxa including invertebrates (Hallmann et al.
2017), amphibians (Stuart et al. 2004), birds (Rosenberg et al. 2019), and mammalian
carnivores (Ripple et al. 2015), show alarming rates of decline during the
Anthropocene (Dirzo et al. 2014). Despite growing concerns about the extinction
crisis, we are limited in our ability to stymy the rapid decline of species because we
generally have a poor understanding of the natural history of single species, species
interactions, and emerging threats such as climate change (Romén-Palacios and
Wiens 2020), changes in wildfire regimes (Reilly et al. 2017), and species invasions
(Mollot et al. 2017).

To combat biodiversity loss, the conservation of large old trees and old
growth forests has drawn much attention in the last 50 years because following
disturbance, time can be a critical mechanism for species accumulation and
biodiversity maintenance (Peterken and Game 1984). Thus, it has been assumed that
these individual old trees and old growth forests harbor unique biota that are lost
when old trees and old growth forests are removed from the landscape. This
relationship between species richness and old growth forests has been tested
empirically, but with mixed results. In global analyses of forest loss, risks of species
extinction based on [UCN Red List data were predicted to be disproportionately
greater for species in relatively intact landscapes (Betts et al. 20175). In the tropics,
bird, dung beetle, and leaf-litter ant species richness increased with age and recovery
towards old growth forest (Edwards et al. 2014, Owen et al. 2020), but others have
observed declines in species richness (Miiller et al. 2023). In Canada, even though
there was little change in overall forest cover, there were substantial population

declines in avian species related to the decline of old growth forests (Betts et al. 2022)



Additionally, old growth forests may possess the ability to buffer biota from the
negative effects of climate change (Chen et al. 2011, Betts et al. 2017a). Moreover,
the benefits of old growth forests may not be limited to the living components of
these forests because even the removal of large dead old trees, both standing and
fallen, from the landscape can have negative effects on biodiversity (Sandstrom et al.
2019). Together, these studies indicate that old growth forests may be important for
biodiversity maintenance and persistence.

In the Pacific Northwest, conservation of old growth forests was formalized
with the adoption of the 1994 Northwest Forest Plan, a revolutionary plan that halted
logging of old growth stands on approximately 10 million hectares of federally
administered forest lands. This plan was the culmination of the rapid decline of old
growth forests in the Pacific Northwest, increased conservation concerns for the
Northern Spotted Owl, and growing environmental activism and civil unrest during a
period referred to as the “Timber Wars” of the 1980s and early 1990s. Decades of
research on a single species, the Northern Spotted Owl (which started at the H. J.
Andrews Experimental Forest) and the decision to list the species under the US
Endangered Species Act in 1990 were critical catalysts for this historic and
unprecedented plan of great geographic scale that prioritized ecological diversity.
Prior to the Northwest Forest Plan, timber harvest in Oregon alone typically exceeded
8 billion board feet annually, where almost half occurred on federally owned land
(Simmons et al. 2016). Following the Northwest Forest Plan, timber harvest in
Oregon still exceeds 4 billion board feet annually, produces ~$7 billion in revenue,
and supports over 43,000 jobs, but the majority of this occurs on private lands
(Simmons et al. 2016). Within the greater footprint of the forests managed by the
Northwest Forest Plan, there was approximately an 80-90% decrease in the amount of
timber harvesting after the plan was adopted (Spies et al. 2019).

During the Timber Wars, significant progress was made on identifying the
diversity of biota in old growth stands during the USDA Forest Service’s Old Growth
Wildlife Habitat Research Program (Ruggiero et al. 1991), but we still only have
detailed information of relationships between forest age and species abundance for a

few flagship species such as Lobaria oregana (Sillett et al. 2000), a lichen species,



Northern Spotted Owls (Forsman et al. 1984), and Marbled Murrelets (Raphael et al.
2002), old-growth obligate birds. Even for these species, we do not have a good
understanding of the scale and configuration of protection of old growth necessary to
recover populations. Although harvest of old growth trees has almost entirely ceased
on federal land, intensive logging has continued on private land, wildfires have
eroded existing patches of old growth forests, and other external threats such as
unfavorable ocean conditions, climate change, and invasion by novel species continue
to threaten old-growth associated species in such a way that they continue to decline
(Lesmeister et al. 2018, Raphael et al. 2018, Reeves et al. 2018, Phalan et al. 2019).
In this context, it is necessary to revisit questions concerning the value of old growth
forests in maintaining biodiversity in temperate rainforests of the Pacific Northwest.
In particular, it is necessary to understand the role of old growth forests for and
responses to disturbance by 1) individual animals, 2) individual species, 3)
communities within taxa, and 4) ecosystems as a whole.

Until recently, it was difficult to survey biodiversity at broad landscape scales.
Traditional methods (e.g., morphological identification, call identification) of
surveying biodiversity were expensive, labor intensive, and required taxonomic
expertise, but advances in technology (e.g., camera traps, radiotelemetry, DNA
metabarcoding, shotgun sequencing) now allow us to survey taxonomic groups in
extreme detail across broad spatial and temporal extents (Tosa et al. 2021). These
“next generation natural history” (Tosa et al. 2021) datasets can now leverage modern
aircraft- and satellite-based remote sensing, which allow us to quantify empirical
relationships of biodiversity to environmental factors, predict biodiversity across
landscapes (Gillespie et al. 2008, Bush et al. 2017), and use these predictions for
conservation and management.

For this dissertation, my objective was to examine the biota in temperate
rainforests in the Pacific Northwest at multiple scales and to evaluate the role of old
growth forests and disturbance. Specifically, I centered my research around the H. J.
Andrews Experimental Forest, which is a Long Term Ecological Research site and
investigated the natural history of an understudied small forest carnivore, the western

spotted skunk. First, I opportunistically and systematically collected western spotted



skunk scat while hiking trails and using detection dog teams. By combining western
spotted skunk diet composition with the logging legacy of a site, I evaluated how
diets shifted between seasons and differed in areas with more mature forests. Second,
I radio-collared individuals and surveyed the landscape using baited camera traps to
understand the spatial ecology of individual western spotted skunks and the western
spotted skunk population. Third, I evaluated statistical models for estimating the
density of small mammal community with baited camera traps and unmarked
individuals at 8 different old growth forest sites. By evaluating these statistical
models, I established a method of estimating densities of small mammals that can be
replicated across large landscapes and can be used to evaluate changes in densities
related to changes in the amount of old growth forest. Finally, I conducted a multi-
taxa biodiversity survey to quantify the relationship between biodiversity and time
since forest harvest at the ecosystem scale. At this level, I was able to ask whether old
growth forests were more species rich and identified gradients that drive differences
in community composition. This research not only provides new baseline natural
history knowledge for an understudied forest carnivore species, but also provides
additional evidence that old growth forests in the Pacific Northwest harbor unique
biota. Moreover, this dissertation shows that next generation natural history methods
can be applied and replicated to monitor biota efficiently and rapidly, which can
increase our understanding of the effects of the Northwest Forest Plan, a plan that was
intended to last for 100 years. Finally, these data can be used to answer questions on
the mechanisms driving biodiversity and generate new hypotheses about species

interactions.
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Abstract

There are increasing concerns about the declining population trends of small
mammalian carnivores around the world. Their conservation and management is
often challenging due to limited knowledge about their ecology and natural history.
To address one of these deficiencies for western spotted skunks (Spilogale gracilis),
we investigated their diet in the Oregon Cascades of the Pacific Northwest during
2017 —2019. We collected 130 spotted skunk scats opportunistically and with
detection dog teams and identified prey items using DNA metabarcoding and
mechanical sorting. Western spotted skunk diet consisted of invertebrates such as
wasps, millipedes, and gastropods, vertebrates such as small mammals, amphibians,
and birds, and plants such as Gaultheria, Rubus, and Vaccinium. Diet also consisted
of items such as black-tailed deer that were likely scavenged. Comparison in diet by
season revealed that spotted skunks consumed more insects during the dry season
(June — August), particularly wasps (75% of scats in the dry season), and marginally
more mammals during the wet season (September — May). We observed similar diet
in areas with no record of human disturbance and areas with a history of logging at
most spatial scales, but scats collected in areas with older forest within a skunk’s
home range (1 km buffer) were more likely to contain insects. Western spotted
skunks provide food web linkages between aquatic, terrestrial, and arboreal systems
and serve functional roles of seed dispersal and scavenging. Due to their diverse diet
and prey-switching, western spotted skunks may dampen the effects of irruptions of
prey, such as wasps during dry springs and summers. By studying the natural history
of western spotted skunks in the Pacific Northwest forests while they are still
abundant, we provide key information necessary to achieve the conservation goal of

keeping this common species common.

Introduction

Globally, many small mammalian carnivores (< 16 kg) face decreasing
population trends due to multiple threats including land use change, disease, and
overhunting (Belant et al. 2009, Marneweck et al. 2021). Even small carnivore

species that were previously widely distributed and considered “least concern” by the
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IUCN, such as weasels (Mustela spp. and Neogale spp.), have shown signs of
significant population decline (Gompper 2017, Jachowski et al. 2021). These declines
are problematic because small carnivores can play important roles in ecosystem
function, predator-prey dynamics, and disease transmission dynamics (Roemer et al.
2009). Despite their potentially important roles, many small carnivores remain
neglected in ecological research, data deficient, or understudied (Proulx 2010,
Marneweck et al. 2021). Limited knowledge about small carnivore ecology and
natural history continues to hinder management and conservation of declining
populations.

In the Pacific Northwest, the western spotted skunk (Spilogale gracilis) is
putatively a common forest carnivore, but little is known about their ecology due to
their nocturnal nature (Verts et al. 2001) (Doty and Dowler 2006, Neiswenter and
Dowler 2007, Neiswenter et al. 2010). Most spotted skunk literature is derived from
the island spotted skunk subspecies (S. g. amphialus) (Crooks 1994a, b), the
congeneric eastern spotted skunk (S. putorius) (Kinlaw 1995, Lesmeister et al. 2009,
2010) and plains spotted skunk subspecies (S. p. interrupta) (Crabb 1948), or other
skunk species such as the pygmy skunk (S. pygmaea) (Cantu-Salazar et al. 2005).
These spotted skunks, however, inhabit markedly different ecosystems such as on
islands, prairie, or desert where there is limited forest vegetation. The Pacific
Northwest, in comparison, is a temperate rainforest system that is dominated by large
coniferous trees, and the functional role of western spotted skunks in this system is
largely unknown. Due to their dietary plasticity, spotted skunks could vary from
omnivorous generalist (e.g., eastern and plains spotted skunk) (Selko 1937, Crabb
1941, Baker and Baker 1975, Cheeseman et al. 2021), insectivorous specialist (e.g.,
pygmy skunk) (Canta-Salazar et al. 2005), or key carnivorous predator of small
vertebrates (e.g., island spotted skunk) (Crooks and Van Vuren 1995) in Pacific
Northwest forests.

Eastern and plains spotted skunk populations are in severe decline and, as a
result, the eastern spotted skunk is now listed as Vulnerable by the [IUCN (Gompper
and Jachowski 2016), and the plains spotted skunk subspecies had been petitioned for
listing under the US Endangered Species Act (US Fish and Wildlife Service 2012).
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The mechanism for these declines are poorly understood, but multiple mechanisms
have been proposed, including land-use change, disease outbreaks, or changes in
predator communities (Gompper and Hackett 2005, Gompper 2017, Sasse 2021).
Although western spotted skunks are still relatively common and considered a species
of Least Concern by the [IUCN (Cuarén et al. 2016), western spotted skunks may be
prone to future, rapid declines similar to those of eastern and plains spotted skunks.
Studying western spotted skunks provides an opportunity to understand the functional
roles of the species and amass basic ecological knowledge that may inform
conservation and land management decisions.

Land use change is a potent disturbance in the Pacific Northwest given that it
is an internationally important center of timber production (Simmons et al. 2016).
Forest management can influence the structure and composition of forests with
unknown consequences on the ecology of western spotted skunks. One way that land
use change could cause declines in spotted skunk population densities is by causing
declines in prey populations. For example, potential small mammal prey such as
Trowbridge’s shrews (Sorex trowbridgii), shrew moles (Neurotrichus gibbsii), red
tree voles (Arborimus longicaudus), and flying squirrels (Glaucomys oregonensis),
are less abundant in young forest stands than in mature and old-growth forest stands
(Carey 1989, 1995, Gilbert and Allwine 1991). Disturbances such as commercial
thinning can reduce density of some small mammal prey such as flying squirrels
(Manning et al. 2012). In contrast, forest management can increase the abundance of
flowers and fruits of understory plants through increased light penetration onto the
forest floor (Wender et al. 2004). Thus, it remains important to investigate how
western spotted skunk diets are impacted by forest management.

Characterizing the diet of small carnivores, however, has been difficult. New
techniques such as detection dogs and DNA metabarcoding have improved our ability
to find scat and identify prey items, respectively. Previously, diets of spotted skunks
were difficult to study because scats were often deposited in rest sites (Selko 1937,
Lesmeister et al. 2008a), not on trails, and because spotted skunks exhibit an
omnivorous diet consisting of insects, small vertebrates, and fruit (Howell 1906,

Crabb 1941, Baker and Baker 1975, Crooks and Van Vuren 1995). These scats were



31

typically collected opportunistically, mechanically sorted, and morphologically
identified (Ewins et al. 1994, Sandor and Ionescu 2009), but these processes had
biases related to digestion that may render prey items unrecognizable (Symondson
2002, Galan et al. 2012) and misidentification of rare species (Massey et al. 2021).
This can be particularly problematic for small omnivorous predators that consume a
wide breadth of prey items including plants, animals, and invertebrates because
identifiers must have taxonomic expertise. Moreover, misidentification of carnivores
from scat morphology has been problematic and has potentially led to biased results
(Morin et al. 2016). Newer genetic approaches such as DNA metabarcoding
(Eriksson et al. 2019, Monterroso et al. 2019, Roffler et al. 2021) can increase
confidence in correctly identifying the carnivore (Morin et al. 2016), increase the
number of prey items that can be correctly identified (Massey et al. 2021), and
increase efficiency of identifying diet for a high volume of samples (Kartzinel et al.
2015), especially for omnivorous species (De Barba et al. 2014).

Here we use DNA metabarcoding and mechanical sorting to provide the first
comprehensive analysis of western spotted skunk diet in the Pacific Northwest, and
quantified seasonal variability in diet as a function of land use change. This improved
understanding of western spotted skunk foraging ecology can elucidate their

functional role as small vertebrate predators, insectivores, and frugivores.

Methods

Study Area

This study was centered around the H. J. Andrews Experimental Forest (HJA),
which is located on the western slope of the Cascade Mountain Range near Blue
River, Oregon (Figure 2.1). The is surrounded by the McKenzie River Ranger District
of the Willamette National Forest. Elevations range from 410 m to 1,630 m. The
maritime climate consists of warm, dry summers and mild, wet winters. Mean
monthly temperatures range from 1°C in January to 18°C in July. Precipitation falls
primarily as rain, is concentrated from November through March, and averages 230
cm at lower elevations and 355 cm at higher elevations (Greenland 1993, Swanson

and Jones 2002). During 2018 — 2019, western Oregon experienced an extreme
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drought (USDM 2022). In Lane County, drought severity was greatest during August
2018 — February 2019, but abnormally dry conditions began as early as January 2018
and moderate drought conditions began as early as June 2018 (Figure S2.1).

Lower elevation forests are dominated by Douglas-fir (Pseudotsuga
menziesii), western hemlock (Tsuga heterophylla), and western red cedar (Thuja
plicata). Upper elevation forests are dominated by noble fir (4bies procera), Pacific
silver fir (4bies amabilis), Douglas-fir, and western hemlock. The understory is
variable and ranged from open to dense shrubs. Common shrubs included Oregon
grape (Mahonia aquifolium), salal (Gaultheria shallon), sword fern (Polystichum
munitum), vine maple (Acer circinatum), Pacific rhododendron (Rhododendron
macrophyllum), huckleberry (Vaccinium spp.), and blackberry and salmonberry
(Rubus spp.).

Before timber cutting in 1950, 65% of the HJA was covered in old-growth
forest. Approximately 30% of the HJA was clear cut or shelterwood cut to create
plantation forests varying in tree composition, stocking level, and age. In 1980, the
HJA became a charter member of the Long Term Ecological Research network and
no logging has occurred since 1985. The Willamette National Forest immediately
surrounding the HJA has a similar logging history, but logging continues to occur.
Currently, the HJA consists of a higher percentage of old-growth forest than the
surrounding Willamette National Forest (approximately 58% in the HJA vs. 37% in
the study area) (Davis et al. In Press). Wildfires are the primary disturbance type,
followed by windthrow, landslides, root rot infections, and lateral stream channel
erosion. Mean fire return interval of partial or complete stand-replacing fires for this
area is 166 years and ranges from 20 years to 400 years (Teensma 1987, Morrison

and Swanson 1990).

Field methods

Our western spotted diet study was part of a larger study on their spatial
ecology in the temperate rainforest ecosystem of western Oregon that was conducted
between April 2017 — September 2019. During this study, we set and maintained 112
baited trail cameras and captured and tracked western spotted skunks (nf = 12, nm =

19) using Tomahawk traps (Model 102 and 103, Tomahawk Live Trap Co.,
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Hazelhurst, WI) and VHF radio-collars (M1545, 16 g; Advanced Telemetry Systems,
Isanti, MN). Cameras placed in the HJA were paired with previously established
long-term songbird monitoring (Frey et al. 2016a) and small mammal monitoring
sites (Weldy et al. 2019). Cameras placed outside of the HJA were stratified based on
elevation and old-growth structural index (Spies and Franklin 1988) and chosen
randomly within logistical constraints. Both cameras and live traps were baited with a
frozen house mouse (Mus musculus), a can of sardines (Culpidae), and/or various
carnivore scent lures. We located skunks using radio-telemetry triangulation and
homing techniques daily, weather permitting. Homing techniques were mainly used
to locate rest site locations during the day whereas triangulation was used to locate
skunks during the night when skunks were most active. All animal capture and
handling were conducted in accordance with the guidelines set by the American
Society of Mammalogists and were approved by the USDA Forest Service
Institutional Animal Care and Use Committee (IACUC #2016-015) and the Oregon
Department of Fish and Wildlife (Permit #107-17, 059-18, 081-19).

We collected western spotted skunk scat in multiple ways: 1) during western
spotted skunk capture, 2) opportunistically while tracking western spotted skunks
with radio-collars and checking trail cameras, and 3) using detection dog teams
(summer and fall of 2018). Detection dog teams either surveyed 3 x 3 km grids within
the study area for a minimum of 6 hours near camera trap locations where we
detected western spotted skunk or focused their surveys around known spotted skunk
rest sites. Focused surveys were necessary to increase scat sample sizes and increase
spotted skunk scat detection rates. Moreover, western spotted skunk scats were
difficult to locate opportunistically because typically, they were deposited after we
tracked skunks to their rest sites, were in hard to search locations such as in hollow
logs or a short distance from the rest site. We froze all scat samples until we
processed them in the laboratory, and processed scats were dried for long-term
storage.

Laboratory methods

In the lab, we identified the diet of western spotted skunks using DNA

metabarcoding (Eriksson et al. 2019, Massey et al. 2021) and mechanical sorting. For
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DNA metabarcoding, we extracted DNA in a laboratory dedicated to processing
degraded DNA using the DNeasy Blood and Tissue kit (Qiagen, Germantown,
Maryland) or the QIAamp Fast DNA Stool Mini Kit (Qiagen, Germantown,
Maryland). We included an extraction blank with every batch of extractions as a
negative control, where we used the same protocol but without a fecal sample
(hereafter called extraction blanks). We kept extraction blanks throughout the DNA
metabarcoding process.

Following DNA extraction, we amplified 3 regions of the mitochondria and
chloroplast DNA. First, we amplified a ~100 base-pair DNA segment of the
ribosomal mitochondrial 12S gene using universal vertebrate primers (12S-V5-F’:
YAGAACAGGCTCCTCTAG and 12S-V5-R: TTAGATACCCCACTATGC) (Riaz
et al. 2011, Kocher et al. 2017) and the chloroplast-encoded intron region of the trnL
gene using universal plant primers (g-F: GGGCAATCCTGAGCCAA and h-R:
CCATYGAGTCTCTGCACCTATC) (Taberlet et al. 2007) in a multiplex polymerase
chain reaction (PCR). In a separate singleplex PCR reaction, we amplified the
mitochondrial-encoded cytochrome oxidase subunit I (COI) gene using ANML
universal arthropod primers (LCO1490-F: GGTCAACAAATCATAAAGATATTGG
and CO1-CFMRa-R: GGWACTAATCAATTTCCAAATCC) (Jusino et al. 2019).
We performed 3 PCR replicates per sample using the QIAGEN Multiplex PCR kit
(Qiagen, Germantown, Maryland) (Supplemental Text S2.1). To aid in identifying
contamination, we performed PCR on a negative control on each plate (hereafter
called PCR blanks) in addition to the extraction blanks. Each reaction was amplified
with identical 8 base pair tags on the 5° end of the forward and reverse primer that
were unique to each sample to identify individual sample after pooling and to prevent
misidentification of prey samples due to tag jumping (Schnell et al. 2015). We
normalized and pooled the PCR products and used NEBNext Ultra II Library Prep
Kit (New England BioLabs, Ipswich, Massachusetts) to adapt the library pools into
[llumina sequencing libraries (Illumina Inc., San Diego, California). We purified
libraries using the Solid Phase Reversible Immobilization beads and sent libraries to
the Center for Genome Research and Biocomputing at Oregon State University for

150 base pair paired-end sequencing on the Illumina HiSeq 3000.
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We paired raw sequence reads using PEAR (Zhang et al. 2014) and
demultiplexed samples based on the 8-base pair-index sequences using a custom shell
script (Supplemental Text S2.2). We counted unique reads from each sample replicate
and assigned taxonomy using BLAST against the 12S, COI, and trnL sequences in a
local database and GenBank (www.ncbi.nlm.nih.gov/blast). Scat amplification was
considered successful if DNA sequencing produced over 100 total reads per replicate,
and we limited the effects of contamination by retaining only species that consisted of
more than 1% of the total reads. Furthermore, we used extraction and PCR negative
controls to set additional filtering thresholds for species read counts. Species were
only retained in the final species list if it was present in at least 2 of the 3 replicates
and if their species distribution maps included our study area or were included on the
species lists of the study area (https://andrewsforest.oregonstate.edu/about/species).
We identified plants to genus since congeners are difficult to differentiate using these
primers.

To mechanically sort scats, we placed dried scat contents in a petri dish and
separated items using forceps. We identified remains macroscopically to the lowest
taxonomic order possible (typically class or order). If we had used all fecal matter for
DNA metabarcoding, we relied on notes on identifiable parts from when the scat was
collected or processed samples for DNA extraction. Once mechanically sorted, we
compared our findings to the DNA metabarcoding results for each scat. If the
identified taxon was not included in the DNA metabarcoding results, we augmented
the results with the missing taxon. We used mechanical sorting to augment results
from DNA metabarcoding because of known biases introduced by mismatches in the
universal invertebrate ANML primers we used, which is attributed to a lack of
conserved regions across all invertebrates (Deagle et al. 2014).

We confirmed scats as defecated by western spotted skunks using the
metabarcoding data following criteria: 1) western spotted skunk was the only
carnivore (order: Carnivora) identified in the scat, or 2) western spotted skunk was
one of the carnivores identified in the scat and the other carnivores consisted of less

than 10% of the read count. We confirmed the predator in this way because predators
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are frequently misidentified through scat morphology (Lonsinger et al. 2015, Morin et
al. 2016).

Data analysis

We conducted analyses and produced figures using the Program R (R Core
Team 2019). We quantified the importance of each taxonomic group by first
calculating the frequency of occurrence of broader taxonomic group of prey (i.e.,
vertebrate, invertebrate, or plant). We calculated frequency of occurrence as a
proportion of the number of scats in which each taxonomic group was present divided
by the total number of scats. Due to the broad breadth of diet, we then calculated
conditional frequency of occurrence of each species as the number of scats that
contained the prey species divided by the total number of scats containing the broader
taxonomic group. We also calculated the importance of each prey item by calculating

the relative read abundance (RRA) for items identified through DNA metabarcoding

by:

s
1 Nk

Rt = S kZl ik
where n; ; is the number of sequences of prey species i in sample £, S is the number
of scat samples, and 7' is the number of species. We produced figures relating
taxonomy of prey items using the metacoder package (Foster et al. 2017), and we
produced rarefaction curves for each taxonomic group (species for vertebrates, genus
for invertebrates and plants) using the iNEXT package (Hsieh et al. 2016) to estimate
completeness and expected taxonomic richness of diet based on sample size.

To investigate the effect of season and disturbance history on western spotted
skunk diet, we summarized the presence or absence (i.e., 1 for present, 0 for absent)
of each taxonomic class (e.g., Mammalia, Insecta, Gastropoda) per sample and fit a
binomial generalized linear model for multivariate data using the manyglm function
in the mvabund package (Wang et al. 2012). We defined season as wet (1 for scat
collected between October — Mary) or dry (0 for scat collected between June —
September) and characterized past disturbance to the area at multiple scales: where
the scat was collected (1 for previously logged, 0 for no record of logging) and within

a 0.1 km, 0.5 km, 1 km and 5 km buffer of where the scat was collected (0-100% area
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within buffer that had been previously logged). We included season and past

disturbance in additive models.

Results

During October 2017 — August 2019, we collected and genetically confirmed
130 western spotted skunk scats (Nsummer = 47, nfalt = 62, Nopportunistic = 21). 58 scats
(nary = 32, nwet = 26) were collected from previously logged areas and 72 (nary = 25,
nwet = 47) scats were collected from areas with no record of timber harvest.

We identified 27 vertebrate species, 43 plant genera, 15 arthropod species, and
3 mollusk species as prey using DNA metabarcoding (Figure 2.2). The most frequent
prey item (n = 15) was Atlantic herring (Clupea harengus), which we used to bait
skunks to trail cameras and traps. Atlantic herring was the only prey item in 2 scats,
so we removed these samples from the following analyses. After removing Atlantic
herring, invertebrates were the most common prey items identified through
metabarcoding and mechanical sorting (Figure 2.3, Figure 2.4, Figure 2.5).
Invertebrates, especially insects, occurred in 85.2% of all scats (n = 109) (Figure 2.3).
Vertebrates were the next most common prey item (58.6%, n = 75), and we detected
mammals in 46.9% (n = 60), birds in 14.1% (n = 18), and amphibians in 13.3% (n =
17) of all scats (Figure 2.4). Finally, we detected plants in 28.9% of all scats (n = 37)
(Figure 2.5).

Wasps (Vespula spp.) and millipedes (Diplopoda) were the top invertebrate
prey items comprising 67.0% (n = 73) and 40.4% (n = 44) of scats containing
invertebrates, respectively (Figure 2.3). The most frequent vertebrate naturally
occurring prey items were shrew mole (Neurotrichus gibbsii), Pacific tree frog
(Pseudacris regilla), Townsend’s chipmunk (Neotamias townsendii), Swainson’s
thrush (Catharus ustulatus), clouded salamander (Aneides ferreus), and Humboldt’s
flying squirrel (Glaucomys oregonensis) (Figure 2.4). The most frequent plant items
were Douglas fir (Pseudotsuga), maple (Acer), Hemlock (Tsuga), Gaultheria
(Gaultheria), Alder (4lnus), and Rhododendron (Rhododendron) (Figure 2.5).

Of the 130 scats, 51 scats (39.2%) only amplified western spotted skunk DNA
and 67 scats (51.5%) did not contain any vertebrate DNA other than Atlantic herring
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or western spotted skunk. Manual inspection of all scat samples revealed that the
majority consisted of invertebrate body parts such as wasps (Vespidae) (n =71),
millipedes (Diplopoda) (n = 43), and snail shells (Gastropoda) (n = 6) that failed to
amplify with ANML primers. Invertebrate remains mainly consisted of exoskeletons
and head parts, indicating that skunks primarily consumed individuals in the adult life
stage. We also found feathers (n = 3), snake skin (n = 4), and plant material such as
Douglas fir needles and bark (likely consumed incidentally along with other food
items), indicating that primers and DNA quality in some scats did not allow for
detection of all diet items.

Diet composition of western spotted skunks differed based on season
(LR Tseason = 32.0, p = 0.001), but not based on the collection site’s logging history
(LRTiogged = 10.7, p = 0.35). During the dry season, diet was composed primarily of
insects (LR Tseason, insect = 25.4, p = 0.001) (Figure 2.6) and wasps were detected in
75% (n=43) of scats. Although plant material consumed was similar across season
and the collection site’s logging history (LR Tseason, plant = 0.36, p = 0.996; LR Tiogged,
plant = 0.007, p = 0.98), there were more plants from genera that produce fruit during
the dry season including Rubus (n = 6), Vaccinium (n = 1), and Gaultheria (n = 10).
During the wet season, western spotted skunks consumed Gaultheria (n = 3) and
Vaccinium (n = 3), but no Rubus. Similarly, although mammals and amphibians
consumed were similar across season and collection site’s logging history (LR Tseason,
mammal = 3.8, p = 0.12; LR Tseason, amphibian = 0.05, p = 0.999), wet season scats consisted
of more small mammals (Neotamias townsendii, Neurotrichus gibbsii, Myodes spp.,
Sorex spp.) and amphibians such as salamanders (Rhyacotriton, Plethodon,
Ambystoma, and Aneides) (Figure 2.6).

When examining the effect of the amount of disturbance in the area
surrounding each scat at multiple scales, composition of scats only differed with the
percentage of logged area within a 1 km buffer (LRT} 1ogged 1 km = 20.3, p = 0.03).
Insect presence in the scat decreased with increasing percentage of area that was
previously logged and was the only taxonomic class that showed a slight response to

the percentage of area logged (LRT} 1ogged 1 km, insect = 6.43, p = 0.105) (Figure 2.7).
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Discussion

This study provides the first data on the diet of western spotted skunks in the
Pacific Northwest and represents the first use of DNA metabarcoding for high
resolution spotted skunk diet analysis. In the coniferous forests of the Oregon
Cascades, the western spotted skunk diet was highly diverse and included mammals,
birds, amphibians, reptiles, insects, gastropods, and plants. The combined methods of
DNA metabarcoding and mechanical sorting revealed that invertebrates were the
primary diet items and mammals were the secondary diet item for western spotted
skunks, which is consistent among other food habit studies conducted on skunks
(Selko 1937, Crabb 1941, Baker and Baker 1975, Cantu-Salazar et al. 2005). The
importance of these diet items shifted by season, where skunks consumed more
insects during the dry season.

We detected substantially higher frequency of Vespidae than in diets reported
on the island spotted skunk (Crooks and Van Vuren 1995), the pygmy skunk (Canta-
Salazar et al. 2005), and the plains spotted skunk (Howell 1906, Selko 1937, Crabb
1941). In these studies, grasshoppers and crickets (Orthoptera) and beetles
(Coleoptera) were consumed more frequently (Howell 1906, Crabb 1941, Baker and
Baker 1975, Canta-Salazar et al. 2005). The scats collected for this study were
collected during a year when the Oregon Cascades were unusually dry during the
spring and summer (Figure S2.1). These conditions have been shown to be correlated
with irruptions in wasp populations (Akre and Reed 1981, Dejean et al. 2011), and
wasps were observed to be more abundant on the landscape (W. Gerth, personal
communication). Thus, higher consumption of wasps during these irruptions suggests
that western spotted skunks can switch from one prey item to another and capitalize
on abundant resources as generalist predators.

As expected, the vertebrate prey base of the western spotted skunk in Oregon
was more diverse than that of the island spotted skunk that only consumed one
mammal species (Peromyscus maniculatus) (Crooks and Van Vuren 1995)
considering mammal diversity is greater in the Oregon Cascades. Unlike many of the
other studies on skunks (except Howell 1906; Sprayberry and Edelman 2016), the

western spotted skunk in the Oregon Cascades consumed a variety of amphibian
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species, which are tightly associated with aquatic systems. DNA metabarcoding also
revealed that western spotted skunks consumed 11 avian species that would have
been difficult to identify with mechanical sorting. During mechanical sorting, we
were only able to identify avian species in 3 scats through the presence of feathers,
suggesting that skunks may be consuming eggs rather than adult birds. Still, these
avian and flying squirrel prey species connect western spotted skunks to the arboreal
system. Together, western spotted skunks consumed a great diversity of prey
including arthropods, small and large mammals, amphibians, and birds, which is
more diverse than all other mammalian carnivores in this region. Given their
generalist diet, relatively high abundance, and terrestrial habits, the western spotted
skunk may provide substantial linkages between terrestrial, aquatic, and arboreal
systems in the Pacific Northwest by facilitating energy and nutrient transfer.

In addition to linking these disparate systems, western spotted skunks may
perform important roles in ecosystem as seed dispersers, scavengers, and disease
reservoirs. We identified plants in western spotted skunk scats with fruiting bodies
including berries (e.g., Vaccinium, Rubus, Gaultheria) and mast (e.g., Acer, Quercus,
Corylus). Western spotted skunks may provide key movements that allow for long-
distance dispersal of seeds and may influence plant communities similar to martens
and foxes (Jordano et al. 2007, Gonzéalez-Varo et al. 2013). We also identified black-
tailed deer in 3 scats that we collected opportunistically. We observed radio-collared
western spotted skunks scavenging on kills made by mountain lions (Puma concolor)
on trail camera videos on multiple occasions and tracked western spotted skunks to
rest sites adjacent to mountain lion kill sites. This behavior has been observed in other
systems (e.g., California scrub oak forest), where the western spotted skunk has the
ability to displace gray fox (Urocyon cinereoargenteus) from carcasses and mountain
lions from their kill sites (Allen et al. 2013, 2016). Furthermore, this signifies the
importance of these kill sites and carrion as food resources that are worth the risks
associated with being near or directly encountering larger predators (Briffa and
Sneddon 2007, Allen et al. 2016, J. Ruprecht et al. 2021). Finally, we identified
possible direct and indirect pathways for transmission of nematode parasites such as

Skrjabingylus spp. which require spotted skunks as definitive hosts to complete their
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life cycle (Kirkland Jr. and Kirkland 1983, Lesmeister et al. 20085, Higdon and
Gompper 2020, LaRose et al. 2021). Western spotted skunks have been shown to
exhibit high prevalence and high severity of Skrjabingylus spp. infection (Higdon and
Gompper 2020). Direct transmission of this nematode may occur through
consumption of gastropods, which are the obligate intermediate host (Lankester and
Anderson 1971, Kirkland Jr. and Kirkland 1983), and indirect transmission may occur
through consumption of gastropod-consuming vertebrates that serve as paratenic
hosts such as chipmunks (Neotamias townsendii), shrew moles (Neurotrichus gibsii),
shrews (Sorex trowbridgii), voles (Myodes spp.), and amphibians (Gamble and Riewe
1982). Given that Skrjabingylus spp. can cause significant osteologic damage to the
cranium, it is possible that this parasite could have significant impacts on individual
fitness and population dynamics (Lankester and Anderson 1971, Hughes et al. 2018).

Seasonal changes in diet for western spotted skunks were similar to other
skunk species, where skunks switched from consuming more insects during the dry
season to more vertebrate prey during the wet season (Crabb 1941, Crooks and Van
Vuren 1995). Island spotted skunks increased their consumption of crickets during the
dry season and mice during the wet season (Crooks and Van Vuren 1995). Prairie
spotted skunks primarily consumed rabbits and mice during the winter and spring and
insects during the summer and fall (Crabb 1941). These seasonal changes in diet
likely reflect changes in availability and abundance of invertebrate resources and
plasticity in spotted skunk diet (Canta-Salazar et al. 2005). In addition to the changes
in availability of invertebrate resources, western spotted skunks may switch their diet
to one that includes more vertebrates because they need more caloric and protein-rich
input to thermoregulate and survive the harsher, colder weather (Moors 1977).
Moreover, western spotted skunks breed during the fall during the wet season (Mead
1968) and, if like eastern spotted skunks (Lesmeister et al. 2009), males have larger
home ranges when questing for mates, this could increase their energetic
requirements, and therefore require an increase in caloric input.

Although they are challenging to collect because they are difficult to find,
western spotted skunk scats could serve as a rapid and efficient biodiversity sampler

(Shao et al. 2021). As widely distributed and relatively abundant predators with
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broad, generalist and opportunistic diet, western spotted skunks could provide
valuable information on species co-occurrence and interspecies relationships,
ecosystem dynamics, and biodiversity through non-invasive collection of their scats
(Boyer et al. 2015, Shao et al. 2021). Western spotted skunk diet analysis may detect
cryptic species such as shrew moles, coast moles (Scapanus orarius), Pacific tree
frogs, and other amphibians that may be difficult to detect using traditional methods.
This was the first study to examine western spotted skunk diet across scat
collected from areas with different logging histories. Similarities in diet across
logging history across most scales, however, is not surprising. As a generalist species
and as an efficient sampler of biodiversity, spotted skunk diet may indicate that many
prey species such as chipmunks may be distributed equally across these forest types
and these areas may have similar biotic communities. Although some prey species are
associated with old-growth forest such as flying squirrels, these species still occur in
logged forest at lower densities (Carey 1989). A relatively large portion of our study
area (41.5%) is still composed of old-growth forest (Davis et al. In Press), which may
help support old-growth associated species within logged areas. Results may differ in
landscapes with few remaining old-growth stands, a different configuration of old-
growth stands, or in landscapes with more intensive logging operations. Alternatively,
spotted skunks are highly mobile (Lesmeister et al. 2009) and can easily move
between logged and unlogged areas in this area. This landscape can be characterized
as a mosaic of previously logged and unlogged areas without clear boundaries, and
scats do not necessarily represent the prey consumed within the stand in which they
were defecated. This is supported by the difference in scat composition at the 1 km
buffer size (Figure 2.7), which corresponds to the size of a spotted skunk home range
(Lesmeister et al. 2009), and fewer insects in the diet if more area in the buffer had
been logged. Since many insects such as wasps and beetles depend on the presence of
dead wood (e.g., nesting substrate and nutrition; Siitonen and Jonsson 2012), change
in diet composition likely reflects differences in insect abundance within these areas.
Although we detected a wide variety of diet items in western spotted skunk
scats using DNA metabarcoding, we did not amplify and detect any DNA besides
western spotted skunk in 51 scats (39.2%) and only amplified predator and bait DNA
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in 67 scats (51.5%). Upon manual inspection, discrepancies between DNA
metabarcoding and mechanical sorting indicated that the ANML invertebrate primers
that we used poorly amplified Vespidae even though we detected Vespula in some of
our samples. The potential for mismatch in the universal invertebrate primers and the
biases introduced by the ANML primers we used is well-known because of a lack of
conserved regions across all invertebrates (Deagle et al. 2014). Still, we used these
primers because of the extensive COI reference library and prior research suggesting
that they outperformed other primers for invertebrate biodiversity surveys (Elbrecht et
al. 2019, Jusino et al. 2019). This highlights the need for taxa-specific primers, better
universal invertebrate primers, a panel of invertebrate primers, or shotgun sequencing
that does not rely on PCR to amplify target sequences so that key prey items are not
missed in the future (Alberdi et al. 2018).

We detected a wide variety of plants in the western spotted skunk diet through
DNA metabarcoding, but many of the genera identified may not have been consumed
by western spotted skunks as a food source. When mechanically sorting scats, we
discovered many intact Douglas fir needles and bark imbedded in the scat that were
likely consumed incidentally, environmentally contaminated following defecation, or
contaminated during scat collection (Tercel et al. 2021). Although we tried to reduce
the amount of contamination by extracting DNA from fecal material from the interior
of the scat, care should be taken when interpreting some DNA metabarcoding results
using plant primers.

Noticeably missing from our analysis are the fungal components of the
western spotted skunk diet. Fungi are likely to contribute important nutrients (e.g.,
vitamins) to the western spotted skunk diet (Maser et al. 2008) and fungal dispersal
by mammals is essential to plants, fungal diversity, and ecosystem function (Nuske et
al. 2017). Eastern spotted skunks have been documented bringing fungal sporocarps
to den sites (Sprayberry and Edelman 2016), and we have also recorded western
spotted skunks carrying fungal sporocarps on trail cameras during this study. The
importance of fungal diet items remains unknown for western spotted skunks and an
important area of future research. In addition, we did not characterize differences in

diets between individuals and sexes. Although there may be preferences for certain
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prey items by individual or sex, we were unable to estimate how many individuals
from whom we collected scat for this study.

Western spotted skunks occupy a key position in the Pacific Northwest food
web. Through their broad diet and omnivory, they serve as a hub species that creates
high connectivity across arboreal, terrestrial, and aquatic systems. Their generalism
and habitat plasticity suggest that western spotted skunks may possess greater ability
to withstand environmental change (Reed and Tosh 2019, Ducatez et al. 2020). Due
to their ability to prey switch to group-living invertebrates, they may even be a
beneficiary of climate change if hotter summers increase the availability of wasps,
which were by far the most consumed taxa during our study. Although these traits
suggests that spotted skunks are resilient, the congeneric eastern spotted skunk has
experienced a precipitous decline, and a lack of natural history information stymies
recovery efforts. By studying the natural history of western spotted skunks while still
abundant, we hope to provide key information necessary to achieve the conservation

goal of keeping this common species common.

Acknowledgments

We thank field technicians A. Coombs, B. Murley, K. Van Neste, and R. Rich and
Rogue Detection Dogs (formerly with Conservation Canines) — H. Smith, J. Hartman,
M. Poisson, C. Yee, Chester, Jack, and Scooby — for field support. We thank Levi
Lab technicians for laboratory support. We also thank J. Hedges, S. Speir, and H.
Thomas for mechanically sorting scats. Facilities were provided by the H. J. Andrews
Experimental Forest and the Long Term Ecological Research program, administered
cooperatively by the USDA Forest Service Pacific Northwest Research Station,
Oregon State University, and the Willamette National Forest. Funding for this project
was provided by Oregon State University, the USDA Forest Service, the National
Science Foundation (LTER7 DEB-1440409), the Northwest Ecological Research
Institute, and the ARCS Oregon Chapter. This publication represents the views of the
authors and any use of trade, firm, or product names is for descriptive purposes only

and does not imply endorsement by the United States Government.



45

Literature cited

Akre, R. D., and H. C. Reed. 1981. Population Cycles of Yellowjackets
(Hymenoptera: Vespinae) in the Pacific Northwest 1. Environmental
Entomology 10:267-274.

Alberdi, A., O. Aizpurua, M. T. P. Gilbert, and K. Bohmann. 2018. Scrutinizing key
steps for reliable metabarcoding of environmental samples. Methods in
Ecology and Evolution 9:134-147.

Allen, M. L., L. M. Elbroch, and H. U. Wittmer. 2013. Encounter competition
between a Cougar, Puma concolor, and a Western Spotted Skunk, Spilogale
gracilis. The Canadian Field-Naturalist 127:64.

Allen, M. L., C. C. Wilmers, L. M. Elbroch, J. M. Golla, and H. U. Wittmer. 2016.
The importance of motivation, weapons, and foul odors in driving encounter
competition in carnivores. Ecology 97:1905-1912.

Andelman, S. J., and W. F. Fagan. 2000. Umbrellas and flagships: Efficient
conservation surrogates or expensive mistakes? Proceedings of the National
Academy of Sciences 97:5954.

Angelstam, P., E. Lindstrom, and P. Widén. 1984. Role of predation in short-term
population fluctuations of some birds and mammals in Fennoscandia.
Oecologia 62:199-208.

Aubry, K. B., and J. C. Lewis. 2003. Extirpation and reintroduction of fishers (Martes
pennanti) in Oregon: implications for their conservation in the Pacific states.
Biological Conservation 114:79-90.

Aubry, K. B., C. M. Raley, S. W. Buskirk, W. J. Zielinski, M. K. Schwartz, R. T.
Golightly, K. L. Purcell, R. D. Weir, and J. S. Yaeger. 2013. Meta-analyses of
habitat selection by fishers at resting sites in the pacific coastal region. The
Journal of Wildlife Management 77:965-974.

Augustine, B. C., J. A. Royle, S. M. Murphy, R. B. Chandler, J. J. Cox, and M. J.
Kelly. 2019. Spatial capture-recapture for categorically marked populations
with an application to genetic capture-recapture. Ecosphere 10:¢02627.

Avenant, N. L., and P. Cavallini. 2007. Correlating rodent community structure with
ecological integrity, Tussen-die-Riviere Nature Reserve, Free State province,
South Africa. Integrative Zoology 2:212-219.

Baker, R. H., and M. W. Baker. 1975. Montane habitat used by the spotted skunk
(Spilogale putorius) in Mexico. Journal of Mammalogy 56:671-673.
Barsoum, N., C. Bruce, J. Forster, Y.-Q. Ji, and D. W. Yu. 2019. The devil is in the

detail: metabarcoding of arthropods provides a sensitive measure of
biodiversity response to forest stand composition compared with surrogate
measures of biodiversity. Ecological Indicators 101:313-323.

Baselga, A., and C. D. L. Orme. 2012. betapart: an R package for the study of beta
diversity. Methods in Ecology and Evolution 3:808—812.

Beery, S., D. Morris, and S. Yang. 2019. Efficient pipeline for camera trap image
review. <https://arxiv.org/abs/1907.06772>. Accessed 12 Nov 2023.

Belant, J. L., J. Schipper, and J. Conroy. 2009. The conservation status of small
carnivores in the Americas. Small Carnivore Conservation 41:3-8.

Betts, M. G., B. Phalan, S. J. K. Frey, J. S. Rousseau, and Z. Yang. 2017a. Old-
growth forests buffer climate-sensitive bird populations from warming. T.



46

Albright, editor. Diversity and Distributions.
<http://doi.wiley.com/10.1111/ddi.12688>. Accessed 22 Jan 2018.

Betts, M. G., B. T. Phalan, C. Wolf, S. C. Baker, C. Messier, K. J. Puettmann, R.
Green, S. H. Harris, D. P. Edwards, D. B. Lindenmayer, and A. Balmford.
2021. Producing wood at least cost to biodiversity: integrating Triad and
sharing—sparing approaches to inform forest landscape management.
Biological Reviews 96:1301-1317.

Betts, M. G., C. Wolf, W. J. Ripple, B. Phalan, K. A. Millers, A. Duarte, S. H. M.
Butchart, and T. Levi. 2017b. Global forest loss disproportionately erodes
biodiversity in intact landscapes. Nature 547:441-444.

Betts, M. G., Z. Yang, A. S. Hadley, A. C. Smith, J. S. Rousseau, J. M. Northrup, J. J.
Nocera, N. Gorelick, and B. D. Gerber. 2022. Forest degradation drives
widespread avian habitat and population declines. Nature Ecology &
Evolution 6:709-719.

Bhattacharyya, A. 1943. On a measure of divergence between two statistical
populations defined by their probability distribution. Bulletin of the Calcutta
Mathematical Society 35:99-110.

Blanc, L., E. Marboutin, S. Gatti, and O. Gimenez. 2013. Abundance of rare and
elusive species: Empirical investigation of closed versus spatially explicit
capture—recapture models with lynx as a case study. The Journal of Wildlife
Management 77:372-378.

Blois, J. L., J. L. McGuire, and E. A. Hadly. 2010. Small mammal diversity loss in
response to late-Pleistocene climatic change. Nature 465:771-774.

Boonstra, R., and C. J. Krebs. 2012. Population dynamics of red-backed voles
(Myodes) in North America. Oecologia 168:601-620.

Bosson, C. O., Z. Islam, and R. Boonstra. 2012. The impact of live trapping and trap
model on the stress profiles of North American red squirrels. Journal of
Zoology 288:159-169.

Boyer, S., R. H. Cruickshank, and S. D. Wratten. 2015. Faeces of generalist predators
as ‘biodiversity capsules’: A new tool for biodiversity assessment in remote
and inaccessible habitats. Food Webs 3:1-6.

Briffa, M., and L. U. Sneddon. 2007. Physiological constraints on contest behaviour.
Functional Ecology 21:627-637.

Brown, E. R. 1985. Management of Wildlife and Fish Habitats in forests of western
Oregon and Washington. Part 1, chapter narratives and part 2, appendices.
United States. <https://www.osti.gov/biblio/7110353>.

Bunnell, F. L. 1990. Reproduction of salal (Gaultheria shallon) under forest canopy.
Canadian Journal of Forest Research 20:91-100.

Burgar, J. M., F. E. C. Stewart, J. P. Volpe, J. T. Fisher, and A. C. Burton. 2018.
Estimating density for species conservation: comparing camera trap spatial
count models to genetic spatial capture-recapture models. Global Ecology and
Conservation 15:¢00411.

Burnham, K. P., and D. R. Anderson. 2011. Model selection and multi-model
inference: a practical information-theoretic approach. New ed. Springer, New
York London.



47

Burton, A. C., E. Neilson, D. Moreira, A. Ladle, R. Steenweg, J. T. Fisher, E. Bayne,
and S. Boutin. 2015. Wildlife camera trapping: a review and
recommendations for linking surveys to ecological processes. Journal of
Applied Ecology 52:675-685.

Bush, A., R. Sollmann, A. Wilting, K. Bohmann, B. Cole, H. Balzter, C. Martius, A.
Zlinszky, S. Calvignac-Spencer, C. A. Cobbold, T. P. Dawson, B. C.
Emerson, S. Ferrier, M. T. P. Gilbert, M. Herold, L. Jones, F. H. Leendertz, L.
Matthews, J. D. A. Millington, J. R. Olson, O. Ovaskainen, D. Raffaelli, R.
Reeve, M.-O. Rodel, T. W. Rodgers, S. Snape, I. Visseren-Hamakers, A. P.
Vogler, P. C. L. White, M. J. Wooster, and D. W. Yu. 2017. Connecting Earth
observation to high-throughput biodiversity data. Nature Ecology & Amp;
Evolution 1:0176.

Buskirk, S. W., S. C. Forrest, M. G. Raphael, and H. J. Harlow. 1989. Winter resting
site ecology of marten in the Central Rocky Mountains. The Journal of
Wildlife Management 53:191-196.

Buskirk, S. W., and H. J. Harlow. 1989. Body-fat dynamics of the American marten
(Martes americana) in winter. Journal of Mammalogy 70:191-193.

Cantt-Salazar, L., M. G. Hidalgo-Mihart, C. A. Lopez-Gonzalez, and A. Gonzalez-
Romero. 2005. Diet and food resource use by the pygmy skunk (Spilogale
pygmaea) in the tropical dry forest of Chamela, Mexico. Journal of Zoology
267:283-289.

Carey, A. B. 1989. Wildlife associated with old-growth forests in the Pacific
Northwest. Natural Areas Journal 9:151-162.

Carey, A. B. 1995. Sciurids in Pacific Northwest managed and old-growth forests.
Ecological Applications 5:648—661.

Carey, A. B., and J. E. Kershner. 1996. Spilogale gracilis in upland forests of western
Washington and Oregon. Northwestern Naturalist 77:29-34.

Carroll, K. N. 2000. Macro-and microhabitat characteristics of the western spotted
skunk, Spilogale gracilis, in the Sierra Nevada of the Northern California.

Ceballos, G., P. R. Ehrlich, A. D. Barnosky, A. Garcia, R. M. Pringle, and T. M.
Palmer. 2015. Accelerated modern human—induced species losses: Entering
the sixth mass extinction. Science Advances 1:¢1400253.

Chandler, R. B., and J. A. Royle. 2013. Spatially explicit models for inference about
density in unmarked or partially marked populations. Ann. Appl. Stat. 7:936—
954.

Cheeseman, A. E., B. P. Tanis, and E. J. Finck. 2021. Quantifying temporal variation
in dietary niche to reveal drivers of past population declines. Functional
Ecology n/a. <https://doi.org/10.1111/1365-2435.13765>. Accessed 9 Feb
2021.

Chen, 1.-C., J. K. Hill, R. Ohlemiiller, D. B. Roy, and C. D. Thomas. 2011. Rapid
Range Shifts of Species Associated with High Levels of Climate Warming.
Science 333:1024-1026.

Chung, Y., S. Rabe-Hesketh, V. Dorie, A. Gelman, and J. Liu. 2013. A
nondegenerate penalized likelihood estimator for variance parameters in
multilevel models. Psychometrika 78:685—-709.



48

Cissel, J. H., F. J. Swanson, and P. J. Weisberg. 1999. Landscape management using
historical fire regimes: Blue River, Oregon. Ecological Applications 9:1217—
1231.

Crabb, W. D. 1941. Food habits of the prairie spotted skunk in southeastern lowa.
Journal of Mammalogy 22:349-364.

Crabb, W. D. 1948. The ecology and management of the prairie spotted skunk in
Iowa. Ecological Monographs 18:201-232.

Crooks, K. R. 1994a. Den-site selection in the island spotted skunk of Santa Cruz
Island, California. The Southwestern Naturalist 39:354-357.

Crooks, K. R. 1994b. Demography and status of the island fox and the island spotted
skunk on Santa Cruz Island, California. The Southwestern Naturalist 39:257—
262.

Crooks, K. R., and D. Van Vuren. 1995. Resource utilization by two insular endemic
mammalian carnivores, the island fox and island spotted skunk. Oecologia
104:301-307.

Cuardn, A. D., K. Helgen, and F. Reid. 2016. Spilogale gracilis. The IUCN Red List
of Threatened Species 2016: . T136797A45221721. International Union for
Conservation of Nature. <http://www.iucnredlist.org/details/136797/0>.
Accessed 30 Dec 2021.

Cutler, T. L., and D. E. Swann. 1999. Using Remote Photography in Wildlife
Ecology: A Review. Wildlife Society Bulletin (1973-2006) 27:571-581.

Davis, R. J., D. M. Bell, M. J. Gregory, Z. Yang, A. N. Gray, S. P. Healey, and A. E.
Stratton. 2022. Northwest Forest Plan-the first 25 years (1994-2018): status
and trends of late-successional and old-growth forests. U.S. Department of
Agriculture, Forest Service, Pacific Northwest Research Station, Portland,
OR. <https://www.fs.usda.gov/treesearch/pubs/65070>. Accessed 17 Apr
2023.

Davis, R. J., D. M. Bell, M. J. Gregory, Z. Yang, A. N. Gray, S. P. Healey, and A. E.
Stratton. In Press. Northwest Forest Plan - the first 25 years: status and trends
of late successional and old-growth forests. General Technical Report, U.S.
Department of Agriculture, Forest Service, Pacific Northwest Research
Station, Portland, Oregon.

Davis, R. J., J. L. Ohmann, R. E. Kennedy, W. B. Cohen, M. J. Gregory, Z. Yang, H.
M. Roberts, A. N. Gray, and T. A. Spies. 2015. Northwest Forest Plan—the
first 20 years (1994-2013): status and trends of late-successional and old-
growth forests. U.S. Department of Agriculture, Forest Service, Pacific
Northwest Research Station, Portland, OR.
<https://www.fs.usda.gov/treesearch/pubs/50060>. Accessed 22 Nov 2023.

Dawson, F. N., A. J. Magoun, J. Bowman, and J. C. Ray. 2010. Wolverine, Gulo
gulo, Home Range Size and Denning Habitat in Lowland Boreal Forest in
Ontario. The Canadian Field-Naturalist 124:139.

De Barba, M., C. Miquel, F. Boyer, C. Mercier, D. Rioux, E. Coissac, and P.
Taberlet. 2014. DNA metabarcoding multiplexing and validation of data
accuracy for diet assessment: application to omnivorous diet. Molecular
Ecology Resources 14:306—323.



49

De Bondi, N., J. G. White, M. Stevens, and R. Cooke. 2010. A comparison of the
effectiveness of camera trapping and live trapping for sampling terrestrial
small-mammal communities. Wildlife Research 37:456—465.

Deagle, B. E., S. N. Jarman, E. Coissac, F. Pompanon, and P. Taberlet. 2014. DNA
metabarcoding and the cytochrome ¢ oxidase subunit I marker: not a perfect
match. Biology Letters 10:20140562.

Dejean, A., R. Céréghino, J. M. Carpenter, B. Corbara, B. Hérault, V. Rossi, M.
Leponce, J. Orivel, and D. Bonal. 2011. Climate Change Impact on
Neotropical Social Wasps. PLOS ONE 6:e27004.

Delehanty, B., and R. Boonstra. 2009. Impact of live trapping on stress profiles of
Richardson’s ground squirrel (Spermophilus richardsonii). General and
Comparative Endocrinology 160:176—182.

Delheimer, M. S., K. M. Moriarty, H. L. Munro, D. A. Early, K. A. Hamm, and R. E.
Green. 2023. Structural complexity characterizes fine-scale forest conditions
used by Pacific martens. Journal of Wildlife Management 87:22388.

Dénes, F. V., L. F. Silveira, and S. R. Beissinger. 2015. Estimating abundance of
unmarked animal populations: accounting for imperfect detection and other
sources of zero inflation. Methods in Ecology and Evolution 6:543-556.

D’Eon, R. G., R. Serrouya, G. Smith, and C. O. Kochanny. 2002. GPS radiotelemetry
error and bias in mountainous terrain. Wildlife Society Bulletin (1973-2006)
30:430-439.

DiGregorio, L. 2019. Snowdown 2019. HJ Andrews Experimental Forest Long-Term
Ecological Research.
<https://andrewsforest.oregonstate.edu/gallery/snowdown-2019>. Accessed 1
Jul 2023.

Dirzo, R., H. S. Young, M. Galetti, G. Ceballos, N. J. B. Isaac, and B. Collen. 2014.
Defaunation in the Anthropocene. Science 345:401.

Do Linh San, E., J. J. Sato, J. L. Belant, and M. J. Somers. 2022. The World’s Small
Carnivores. Pages 1-38 in. Small Carnivores. First edition. John Wiley &
Sons, Ltd, Hoboken, NJ. <https://doi.org/10.1002/9781118943274.ch1>.
Accessed 24 Apr 2023.

Doty, J. B. 2003. Denning ecology and home ranges of two sympatric skunk species
(Mephitis mephitis and Spilogale gracilis) in west-central Texas. Thesis,
Angelo State University, Texas. <https://www-proquest-
com.oregonstate.idm.oclc.org/openview/71c02642¢2087696b16b70175fbf024
1/1?accountid=13013&cbl=18750&cid=CID:20231012215452249:429510&d
iss=y&fromOL=true&loginDisplay=true&parentSessionld=FEMsDDLLxMB
nTRe7vcFh2%2F86z7ZhWEUvVY 9t7uwilL761%3D&pq-origsite=gscholar>.

Doty, J. B., and R. C. Dowler. 2006. Denning ecology in sympatric populations of
skunks (Spilogale gracilis and Mephitis mephitis) in west-central Texas.
Journal of Mammalogy 87:131-138.

Duarte, A., M. J. Adams, and J. T. Peterson. 2018. Fitting N-mixture models to count
data with unmodeled heterogeneity: Bias, diagnostics, and alternative
approaches. Ecological Modelling 374:51-59.



50

Ducatez, S., D. Sol, F. Sayol, and L. Lefebvre. 2020. Behavioural plasticity is
associated with reduced extinction risk in birds. Nature Ecology & Evolution
4:788-793.

Dunnington, D., and P. Harvey. 2021. exifr: EXIF Image Data in R. R package.
<https://CRAN.R-project.org/package=exifr>.

Edwards, D. P., A. Magrach, P. Woodcock, Y. Ji, N. T.-L. Lim, F. A. Edwards, T. H.
Larsen, W. W. Hsu, S. Benedick, C. V. Khen, A. Y. C. Chung, G. Reynolds,
B. Fisher, W. F. Laurance, D. S. Wilcove, K. C. Hamer, and D. W. Yu. 2014.
Selective-logging and oil palm: multitaxon impacts, biodiversity indicators,
and trade-offs for conservation planning. Ecological Applications 24:2029—
2049.

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

Efford, M. G., D. L. Borchers, and A. E. Byrom. 2009. Density Estimation by
Spatially Explicit Capture—Recapture: Likelihood-Based Methods. Pages 255—
269 in D. L. Thomson, E. G. Cooch, and M. J. Conroy, editors. Modeling
Demographic Processes In Marked Populations. Springer US, Boston, MA.
<https://doi.org/10.1007/978-0-387-78151-8 11>.

Elbrecht, V., T. W. A. Braukmann, N. V. Ivanova, S. W. J. Prosser, M. Hajibabaei,
M. Wright, E. V. Zakharov, P. D. N. Hebert, and D. Steinke. 2019. Validation
of COI metabarcoding primers for terrestrial arthropods. PeerJ 7:¢7745—
e7745.

Eng, R. Y. Y., and D. S. Jachowski. 2019. Evaluating detection and occupancy
probabilities of eastern spotted skunks. The Journal of Wildlife Management
83:1244-1253.

Eriksson, C. E., K. M. Moriarty, M. A. Linnell, and T. Levi. 2019. Biotic factors
influencing the unexpected distribution of a Humboldt marten (Martes
caurina humboldtensis) population in a young coastal forest. PLOS ONE
14:€0214653.

Erlinge, S. 1975. Feeding habits of the weasel Mustela nivalis in relation to prey
abundance. Oikos 26:378-384.

Ewins, P. J., D. V. Weseloh, J. H. Groom, R. Z. Dobos, and P. Mineau. 1994. The
diet of Herring Gulls (Larus argentatus) during winter and early spring on the
lower Great Lakes. Hydrobiologia 279:39-55.

Fiske, 1., and R. Chandler. 2011. unmarked: An R Package for Fitting Hierarchical
Models of Wildlife Occurrence and Abundance. Journal of Statistical
Software 43. <http://www jstatsoft.org/v43/i110/>. Accessed 18 Apr 2023.

Fleishman, E., D. D. Murphy, and P. F. Brussard. 2000. A new method for selection
of umbrella species for conservation planning. Ecological Applications
10:569-579.

Fleming, C. H., and J. M. Calabrese. 2017. A new kernel density estimator for
accurate home-range and species-range area estimation. Methods in Ecology
and Evolution 8:571-579.

Fleming, C. H., and J. M. Calabrese. 2022. ctmm: Continuous-Time Movement
Modeling. <https://github.com/ctmm-initiative/ctmm>.



51

Forrest, S. W., M. R. Recio, and P. J. Seddon. 2022. Moving wildlife tracking
forward under forested conditions with the SWIFT GPS algorithm. Animal
Biotelemetry 10:19.

Forsman, E. D., R. G. Anthony, E. C. Meslow, and C. J. Zabel. 2004. Diets and
foraging behavior of Northern Spotted Owls in Oregon. Journal of Raptor
Research 38.

Forsman, E. D., E. C. Meslow, and H. M. Wight. 1984. Distribution and biology of
the spotted owl in Oregon. Wildlife Monographs 3—64.

Foster, Z. S. L., T. J. Sharpton, and N. J. Griinwald. 2017. Metacoder: An R package
for visualization and manipulation of community taxonomic diversity data.
PLOS Computational Biology 13:¢1005404.

Frair, J. L., J. Fieberg, M. Hebblewhite, F. Cagnacci, N. J. DeCesare, and L. Pedrotti.
2010. Resolving issues of imprecise and habitat-biased locations in ecological
analyses using GPS telemetry data. Philosophical Transactions of the Royal
Society B: Biological Sciences 365:2187-2200.

Franklin, J. F., K. N. Johnson, and D. L. Johnson. 2018. Ecological forest
management. Waveland Press, Inc, Long Grove, Illinois.

Frey, S.J. K., A. S. Hadley, and M. G. Betts. 2016a. Microclimate predicts within-
season distribution dynamics of montane forest birds. Diversity and
Distributions 22:944-959.

Frey, S.J. K., A. S. Hadley, S. L. Johnson, M. Schulze, J. A. Jones, and M. G. Betts.
2016b. Spatial models reveal the microclimatic buffering capacity of old-
growth forests. Science Advances 2.
<http://advances.sciencemag.org/content/2/4/e1501392.abstract>.

Galan, M., M. Paggs, and J.-F. Cosson. 2012. Next-Generation Sequencing for
Rodent Barcoding: Species Identification from Fresh, Degraded and
Environmental Samples. PLOS ONE 7:e48374.

Gamble, R. L., and R. R. Riewe. 1982. Infestations of the nematode Skrjabingylus
nasicola (Leukart 1842) in Mustela frenata (Lichtenstein) and M. erminea (L.)
and some evidence of a paratenic host in the life cycle of this nematode.
Canadian Journal of Zoology 60:45-52.

Gedan, K. B., C. M. Crain, and M. D. Bertness. 2009. Small-mammal herbivore
control of secondary succession in New England tidal marshes. Ecology
90:430-440.

Gehring, T. M., and R. K. Swihart. 2004. Home Range and Movements of Long-
Tailed Weasels in a Landscape Fragmented by Agriculture. Journal of
Mammalogy 85:79-86.

Gelman, A., and D. B. Rubin. 1992. Inference from Iterative Simulation Using
Multiple Sequences. Statistical Science 7:457—-472.

Gerber, B. D., and R. R. Parmenter. 2015. Spatial capture-recapture model
performance with known small-mammal densities. Ecological Applications
25:695-705.

Gilbert, F. F., and R. Allwine. 1991. Small mammal communities in the Oregon
Cascade Range. USDA Forest Service general technical report PNW-GTR-
Pacific Northwest Research Station (USA).



52

Gilbert, N. A., J. D. J. Clare, J. L. Stenglein, and B. Zuckerberg. 2021. Abundance
estimation of unmarked animals based on camera-trap data. Conservation
Biology 35:88-100.

Gillespie, T. W., G. M. Foody, D. Rocchini, A. P. Giorgi, and S. Saatchi. 2008.
Measuring and modelling biodiversity from space. Progress in Physical
Geography: Earth and Environment 32:203-221.

Gompper, M. E. 2017. Range decline and landscape ecology of the eastern spotted
skunk. Pages 478-492 in. Biology and Conservation of Musteloids. Oxford
University Press.
<https://oxford.universitypressscholarship.com/view/10.1093/0s0/978019875
9805.001.0001/0s0-9780198759805-chapter-25>. Accessed 15 Dec 2021.

Gompper, M. E., and H. M. Hackett. 2005. The long-term, range-wide decline of a
once common carnivore: the eastern spotted skunk (Spilogale putorius).
Animal Conservation 8:195-201.

Gompper, M. E., and D. S. Jachowski. 2016. Spilogale putorius. The IUCN Red List
of Threatened Species 2016: €. T41636A45211474. International Union for
Conservation of Nature. <http://www.iucnredlist.org/details/41636/0>.
Accessed 20 Jan 2022.

Gonzalez-Varo, J. P., J. V. Lopez-Bao, and J. Guitian. 2013. Functional diversity
among seed dispersal kernels generated by carnivorous mammals. Journal of
Animal Ecology 82:562-571.

Greenland, D. 1993. The climate of the HJ Andrews Experimental Forest, Oregon,
and its regional synthesis. USDA Forest Service. Pacific Northwest Research
Station 92—-0221.

Hackett, H. M., D. B. Lesmeister, J. Desanty-Combes, W. G. Montague, J. J.
Millspaugh, and M. E. Gompper. 2007. Detection Rates of Eastern Spotted
Skunks (Spilogale Putorius) in Missouri and Arkansas Using Live-capture and
Non-invasive Techniques. The American Midland Naturalist 158:123—-131.

Hallmann, C. A., M. Sorg, E. Jongejans, H. Siepel, N. Hofland, H. Schwan, W.
Stenmans, A. Miiller, H. Sumser, T. Horren, D. Goulson, and H. de Kroon.
2017. More than 75 percent decline over 27 years in total flying insect
biomass in protected areas. PLOS ONE 12:e0185809.

Hansen, T. F., N. C. Stenseth, and H. Henttonen. 1999. Multiannual vole cycles and
population regulation during long winters: an analysis of seasonal density
dependence. The American Naturalist 154:129-139.

Harmsen, B. J., R. J. Foster, S. Silver, L. Ostro, and C. P. Doncaster. 2010.
Differential Use of Trails by Forest Mammals and the Implications for
Camera-Trap Studies: A Case Study from Belize. Biotropica 42:126—133.

Hayes, J. P., S. S. Chan, W. H. Emmingham, J. C. Tappeiner, L. D. Kellogg, and J. D.
Bailey. 1997. Wildlife Response to Thinning Young Forests in the Pacific
Northwest. Journal of Forestry 95:28-33.

Heinrichs, J. A., B. G. Marcot, M. A. Linnell, and D. B. Lesmeister. 2023.
Characterizing long-term population conditions of the elusive red tree vole
with dynamic individual-based modeling. Conservation Science and Practice
5:¢12938.



53

Hesselbarth, M. H. K., M. Sciaini, K. A. With, K. Wiegand, and J. Nowosad. 2019.
landscapemetrics: an open-source R tool to calculate landscape metrics.
Ecography 42:1648—1657.

Higdon, S. D., and M. E. Gompper. 2020. Prevalence and severity of skunk cranial
worm (Skrjabingylus chitwoodorum) damage increase with precipitation in
spotted skunks (Spilogale spp.). Journal of Wildlife Diseases 56:597—608.

Hijmans, R. J. 2022. raster: Geographic Data Analysis and Modeling. R package.
<https://CRAN.R-project.org/package=raster>.

Howell, A. H. 1906. Revision of the skunks of the genus Spilogale. US Government
Printing Office.

Hsieh, T. C., K. H. Ma, and A. Chao. 2016. iINEXT: an R package for rarefaction and
extrapolation of species diversity (Hill numbers). Methods in Ecology and
Evolution 7:1451-1456.

Huggins, R. M. 1989. On the statistical analysis of capture experiments. Biometrika
76:133-140.

Hughes, M. R., N. J. Negovetich, B. C. Mayes, and R. C. Dowler. 2018. Prevalence
and intensity of the sinus roundworm (Skrjabingylus chitwoodorum) in rabies-
negative skunks of Texas, USA. Journal of Wildlife Diseases 54:85-94.

Inman, R. M., M. L. Packila, K. H. Inman, A. J. Mccue, G. C. White, J. Persson, B.
C. Aber, M. L. Orme, K. L. Alt, S. L. Cain, J. A. Fredrick, B. J. Oakleaf, and
S. S. Sartorius. 2012. Spatial ecology of wolverines at the southern periphery
of distribution. The Journal of Wildlife Management 76:778—792.

International Union for Conservation of Nature. 2017. IUCN 2017 Annual Report.
<https://portals.iucn.org/library/sites/library/files/documents/2018-007-
En.pdf>.

Jachowski, D., R. Kays, A. Butler, A. M. Hoylman, and M. E. Gompper. 2021.
Tracking the decline of weasels in North America. PLOS ONE 16:¢0254387.

Jachowski, D. S. 2007. Resource selection by black-footed ferrets in relation to the
spatial distribution of prairie dogs. M.S. Thesis, University of Missouri--
Columbia, Missouri. <https://hdl.handle.net/10355/4974>. Accessed 12 Oct
2023.

Jachowski, D. S., C. J. Marneweck, C. Olfenbuttel, and S. N. Harris. 2023. Support
for the size-mediated sensitivity hypothesis within a diverse carnivore
community. Journal of Animal Ecology n/a. <https://doi.org/10.1111/1365-
2656.13916>. Accessed 17 Apr 2023.

Jedrzejewski, W., B. Jedrzejewska, and L. Szymura. 1995. Weasel population
response, home range, and predation on rodents in a deciduous forest in
Poland. Ecology 76:179-195.

Ji, Y., L. Ashton, S. M. Pedley, D. P. Edwards, Y. Tang, A. Nakamura, R. Kitching,
P. M. Dolman, P. Woodcock, F. A. Edwards, T. H. Larsen, W. W. Hsu, S.
Benedick, K. C. Hamer, D. S. Wilcove, C. Bruce, X. Wang, T. Levi, M. Lott,
B. C. Emerson, and D. W. Yu. 2013. Reliable, verifiable and efficient
monitoring of biodiversity via metabarcoding. M. Holyoak, editor. Ecology
Letters 16:1245-1257.

Ji, Y., T. Huotari, T. Roslin, N. M. Schmidt, J. Wang, D. W. Yu, and O. Ovaskainen.
2020. SPIKEPIPE: A metagenomic pipeline for the accurate quantification of



54

eukaryotic species occurrences and intraspecific abundance change using
DNA barcodes or mitogenomes. Molecular Ecology Resources 20:256-267.

Jiménez, J., J. C. Nufiez-Arjona, C. Rueda, L. M. Gonzélez, F. Garcia-Dominguez, J.
Muioz-Igualada, and J. V. Lépez-Bao. 2017. Estimating carnivore
community structures. Scientific Reports 7:41036.

Johnson, D. H. 1980. The comparison of usage and availability measurements for
evaluating resource preference. Ecology 61:65-71.

Jones, K. L., D. H. Van Vuren, and K. R. Crooks. 2008. Sudden increase in a rare
endemic carnivore: ecology of the island spotted skunk. Journal of
Mammalogy 89:75-86.

Jordano, P., C. Garcia, J. A. Godoy, and J. L. Garcia-Castafio. 2007. Differential
contribution of frugivores to complex seed dispersal patterns. Proceedings of
the National Academy of Sciences 104:3278.

Jusino, M. A., M. T. Banik, J. M. Palmer, A. K. Wray, L. Xiao, E. Pelton, J. R.
Barber, A. Y. Kawahara, C. Gratton, M. Z. Peery, and D. L. Lindner. 2019.
An improved method for utilizing high-throughput amplicon sequencing to
determine the diets of insectivorous animals. Molecular Ecology Resources
19:176-190.

Kane, M. D., D. J. Morin, and M. J. Kelly. 2015. Potential for camera-traps and
spatial mark-resight models to improve monitoring of the critically
endangered West African lion (<i>Panthera leo<\i>). Biodiversity and
Conservation 24:3527-3541.

Karanth, K. U., and J. D. Nichols. 1998. Estimation of tiger densities in India using
photographic captures and recaptures. Ecology 79:2852-2862.

Karanth, K. U., J. D. Nichols, N. S. Kumar, W. A. Link, and J. E. Hines. 2004. Tigers
and their prey: Predicting carnivore densities from prey abundance.
Proceedings of the National Academy of Sciences 101:4854—4858.

Kartzinel, T. R., P. A. Chen, T. C. Coverdale, D. L. Erickson, W. J. Kress, M. L.
Kuzmina, D. I. Rubenstein, W. Wang, and R. M. Pringle. 2015. DNA
metabarcoding illuminates dietary niche partitioning by African large
herbivores. Proceedings of the National Academy of Sciences 112:8019.

Keever, A. C., C. P. McGowan, S. S. Ditchkoff, P. K. Acker, J. B. Grand, and C. H.
Newbolt. 2017. Efficacy of N-mixture models for surveying and monitoring
white-tailed deer populations. Mammal Research 62:413-422.

Kellner, K. 2019. jagsUI: a wrapper around rjags to streamline JAGS analyses.
<https://CRAN.R-project.org/package=jagsUI>.

Kellner, K. F., A. D. Smith, J. A. Royle, M. Kéry, J. L. Belant, and R. B. Chandler.
2023. The unmarked R package: twelve years of advances in occurrence and
abundance modelling in ecology. Methods in Ecology and Evolution
14:1408-1415.

Kelly, M. J., and E. L. Holub. 2008. Camera Trapping of Carnivores: Trap Success
Among Camera Types and Across Species, and Habitat Selection by Species,
on Salt Pond Mountain, Giles County, Virginia. Northeastern Naturalist
15:249-262.

Kéry, M. 2018. Identifiability in N-mixture models: a large-scale screening test with
bird data. Ecology 99:281-288.



55

Kéry, M., and R. Chandler. 2012. Dynamic occupancy models in unmarked.
Availableat: http://cran. r-project.
org/web/packages/unmarked/vignettes/colext. pdf (Accessed 20 April 2015).

Kéry, M., and J. A. Royle. 2020. Applied Hierarchical Modeling in Ecology:
Analysis of distribution, abundance and species richness in R and BUGS:
Volume 2: Dynamic and Advanced Models. Academic Press.

Kéry, M., J. A. Royle, and H. Schmid. 2005. Modeling avian abundance from
replicated counts using binomial mixture models. Ecological Applications
15:1450-1461.

Kim, H., B. C. McComb, S. J. K. Frey, D. M. Bell, and M. G. Betts. 2022. Forest
microclimate and composition mediate long-term trends of breeding bird
populations. Global Change Biology 28:6180—6193.

Kindt, R., and R. Coe. 2005. Tree diversity analysis: a manual and software for
common statistical methods for ecological and biodiversity studies. World
Agrofirestry Centre, Nairobi, Kenya.
<http://www.worldagroforestry.org/output/tree-diversity-analysis>.

King, C. M., and R. A. Powell. 2007. The Natural History of Weasels and Stoats:
Ecology, Behavior, and Management. Second edition. Oxford University
Press, New York.
<https://oxford.universitypressscholarship.com/10.1093/acprof:0s0/97801953
22712.001.0001/acprof-9780195322712>.

Kinlaw, A. 1995. Spilogale putorius. Mammalian Species 1-7.

Kirkland Jr., G. L., and C. J. Kirkland. 1983. Patterns of variation in cranial damage
in skunks (Mustelidae: Mephitinae) presumably caused by nematodes of the
genus Skrjabingylus Petrov 1927 (Metastrongyloidea). Canadian Journal of
Zoology 61:2913-2920.

Kocher, A., B. de Thoisy, F. Catzeflis, M. Huguin, S. Valiére, L. Zinger, A.-L.
Bariuls, and J. Murienne. 2017. Evaluation of short mitochondrial
metabarcodes for the identification of Amazonian mammals. Methods in
Ecology and Evolution 8:1276—-1283.

Kormann, U. G., T. D. Stokely, J. Verschuyl, A. J. Kroll, S. Harris, D. Maguire, D.
Mainwaring, J. W. Rivers, and M. G. Betts. 2021. Reconciling biodiversity
with timber production and revenue via an intensive forest management
experiment. Ecological Applications 31:€02441.

Krebs, C. J., R. Boonstra, S. Boutin, A. R. E. Sinclair, J. N. M. Smith, B. S. Gilbert,
K. Martin, M. O’Donoghue, and R. Turkington. 2014. Trophic dynamics of
the boreal forests of the Kluane Region. Arctic 67:71.

Lankester, M. W., and R. C. Anderson. 1971. The route of migration and
pathogenesis of Skrjabingylus spp. (Nematoda: Metastrongyloidea) in
mustelids. Canadian Journal of Zoology 49:1283—-1293.

LaRose, S. H., D. B. Lesmeister, and M. E. Gompper. 2021. Addressing a Knowledge
Gap in Spilogale Disease Ecology: Skunk Cranial Worm, Skrjabingylus
chitwoodorum, in Spilogale putorius interrupta. Southeastern Naturalist
20:173-180.

Leibold, M. A., M. Holyoak, N. Mouquet, P. Amarasekare, J. M. Chase, M. F.
Hoopes, R. D. Holt, J. B. Shurin, R. Law, D. Tilman, M. Loreau, and A.



56

Gonzalez. 2004. The metacommunity concept: a framework for multi-scale
community ecology. Ecology Letters 7:601-613.

Leis, S. A., D. M. Leslie, D. M. Engle, and J. S. Fehmi. 2008. Small mammals as
indicators of short-term and long-term disturbance in mixed prairie.
Environmental Monitoring and Assessment 137:75-84.

Lesmeister, D. B, R. S. Crowhurst, J. J. Millspaugh, and M. E. Gompper. 2013.
Landscape ecology of eastern spotted skunks in habitats restored for red-
cockaded woodpeckers. Restoration Ecology 21:267-275.

Lesmeister, D. B., R. J. Davis, P. H. Singleton, and J. D. Wiens. 2018. Northern
spotted owl habitat and populations: status and threats. In: Spies, TA; Stine,
PA; Gravenmier, R.; Long, JW; Reilly, MJ, tech. coords. 2018. Synthesis of
science to inform land management within the Northwest Forest Plan area.
Gen. Tech. Rep. PNW-GTR-966. Portland, OR: US Department of
Agriculture, Forest Service, Pacific Northwest Research Station: 245-299.
966:245-299.

Lesmeister, D. B., M. E. Gompper, and J. J. Millspaugh. 2008a. Summer resting and
den site selection by eastern spotted skunks (Spilogale putorius) in Arkansas.
Journal of Mammalogy 89:1512—1520.

Lesmeister, D. B., M. E. Gompper, and J. J. Millspaugh. 2009. Habitat selection and
home range dynamics of eastern spotted skunks in the Ouachita Mountains,
Arkansas, USA. The Journal of Wildlife Management 73:18-25.

Lesmeister, D. B., J. J. Millspaugh, M. E. Gompper, and T. W. Mong. 2010. Eastern
spotted skunk (Spilogale putorius) survival and cause-specific mortality in the
Ouachita Mountains, Arkansas. American Midland Naturalist 164:52-60.

Lesmeister, D. B., J. J. Millspaugh, S. E. Wade, and M. E. Gompper. 2008b. A survey
of parasites identified in the feces of eastern spotted skunks (Spilogale
putorius) in western Arkansas. Journal of Wildlife Diseases 44:1041-1044.

Lindenmayer, D. B., J. T. Wood, L. McBurney, C. MacGregor, K. Youngentob, and
S. C. Banks. 2011. How to make a common species rare: A case against
conservation complacency. Ecoregional-scale monitoring within conservation
areas, in a rapidly changing climate 144:1663—-1672.

Lindstedt, S. L., B. J. Miller, and S. W. Buskirk. 1986. Home range, time, and body
size in mammals. Ecology 67:413—418.

Linnell, M. A., C. W. Epps, E. D. Forsman, and W. J. Zielinski. 2017. Space use,
movements, and rest site use by short-tailed weasels Mustela erminea in
managed forests of western Oregon. Wildlife Biology 2017:wl1b.00270.

Linnell, M. A., K. Moriarty, D. S. Green, and T. Levi. 2018. Density and population
viability of coastal marten: a rare and geographically isolated small carnivore.
Peer] 6:€4530.

Lisgo, K. A. 1999. Ecology of the short-tailed weasel (mustela erminea) in the
mixedwood boreal forest of Alberta. Text, University of British Columbia,
Vancouver. <https://open.library.ubc.ca/collections/831/items/1.0088967>.

Lonsinger, R. C., E. M. Gese, and L. P. Waits. 2015. Evaluating the reliability of field
identification and morphometric classifications for carnivore scats confirmed
with genetic analysis. Wildlife Society Bulletin 39:593—-602.



57

Loonam, K. E., D. E. Ausband, P. M. Lukacs, M. S. Mitchell, and H. S. Robinson.
2021a. Estimating Abundance of an Unmarked, Low-Density Species using
Cameras. The Journal of Wildlife Management 85:87-96.

Loonam, K. E., P. M. Lukacs, D. E. Ausband, M. S. Mitchell, and H. S. Robinson.
20215b. Assessing the robustness of time-to-event models for estimating
unmarked wildlife abundance using remote cameras. Ecological Applications
31. <https://doi.org/10.1002/eap.2388>. Accessed 9 Aug 2022.

Lovejoy, B. P. 1972. A capture-recapture analysis of a mountain beaver population in
western Oregon. Oregon State University, Corvallis, Oregon.

Manning, T., J. C. Hagar, and B. C. McComb. 2012. Thinning of young Douglas-fir
forests decreases density of northern flying squirrels in the Oregon Cascades.
Forest Ecology and Management 264:115-124.

Marneweck, C., A. R. Butler, L. C. Gigliotti, S. N. Harris, A. J. Jensen, M.
Muthersbaugh, B. A. Newman, E. A. Saldo, K. Shute, K. L. Titus, S. W. Yu,
and D. S. Jachowski. 2021. Shining the spotlight on small mammalian
carnivores: global status and threats. Biological Conservation 255:109005.

Marneweck, C. J., B. L. Allen, A. R. Butler, E. Do Linh San, S. N. Harris, A. J.
Jensen, E. A. Saldo, M. J. Somers, K. Titus, M. Muthersbaugh, A. Vanak, and
D. S. Jachowski. 2022. Middle-out ecology: small carnivores as sentinels of
global change. Mammal Review. <https://doi.org/10.1111/mam.12300>.
Accessed 12 Jul 2022.

Martin, M. E., K. M. Moriarty, and J. N. Pauli. 2021. Landscape seasonality
influences the resource selection of a snow-adapted forest carnivore, the
Pacific marten. Landscape Ecology 36:1055-1069.

Maser, C., A. W. Claridge, and J. M. Trappe. 2008. Trees, Truffles, and Beasts.
Rutgers University Press.

Maser, C., J. M. Trappe, and R. A. Nussbaum. 1978. Fungal-small mammal
interrelationships with emphasis on Oregon coniferous forests. Ecology
59:799-809.

Massey, A. L., G. H. Roffler, T. Vermeul, J. M. Allen, and T. Levi. 2021.
Comparison of mechanical sorting and DNA metabarcoding for diet analysis
with fresh and degraded wolf scats. Ecosphere 12:¢03557.

Mastro, L. L., D. J. Morin, and E. M. Gese. 2019. Home Range and Habitat Use of
West Virginia Canis latrans (Coyote). Northeastern Naturalist 26:616—628.

Mayor, S. J., D. C. Schneider, J. A. Schaefer, and S. P. Mahoney. 2009. Habitat
selection at multiple scales. Ecoscience 16:238-247.

McCleery, R. A., C. L. Zweig, M. A. Desa, R. Hunt, W. M. Kitchens, and H. F.
Percival. 2014. A novel method for camera-trapping small mammals. Wildlife
Society Bulletin 38:887-891.

McDonough, M. M., A. W. Ferguson, R. C. Dowler, M. E. Gompper, and J. E.
Maldonado. 2022. Phylogenomic systematics of the spotted skunks
(Carnivora, Mephitidae, Spilogale): Additional species diversity and
Pleistocene climate change as a major driver of diversification. Molecular
Phylogenetics and Evolution 167:107266.



58

McGarigal, K., H. Y. Wan, K. A. Zeller, B. C. Timm, and S. A. Cushman. 2016.
Multi-scale habitat selection modeling: a review and outlook. Landscape
Ecology 31:1161-1175.

Mead, R. A. 1968. Reproduction in western forms of the spotted skunk (Genus
Spilogale). Journal of Mammalogy 49:373-390.

Moeller, A. K., P. M. Lukacs, and J. S. Horne. 2018. Three novel methods to estimate
abundance of unmarked animals using remote cameras. Ecosphere 9:¢02331.

Mollot, G., J. H. Pantel, and T. N. Romanuk. 2017. Chapter Two - The Effects of
Invasive Species on the Decline in Species Richness: A Global Meta-
Analysis. Pages 61-83 in D. A. Bohan, A. J. Dumbrell, and F. Massol, editors.
Advances in Ecological Research. Volume 56. Academic Press.
<https://www.sciencedirect.com/science/article/pii/S0065250416300514>.

Monterroso, P., R. Godinho, T. Oliveira, P. Ferreras, M. J. Kelly, D. J. Morin, L. P.
Waits, P. C. Alves, and L. S. Mills. 2019. Feeding ecological knowledge: the
underutilised power of faecal DNA approaches for carnivore diet analysis.
Mammal Review 49:97-112.

Moors, P. J. 1977. Studies of the metabolism, food consumption and assimilation
efficiency of a small carnivore, the weasel (Mustela nivalis L.). Oecologia
27:185-202.

Moriarty, K. M., and C. W. Epps. 2015. Retained satellite information influences
performance of GPS devices in a forested ecosystem: satellite information
affects GPS performance. Wildlife Society Bulletin 39:349-357.

Moriarty, K. M., M. A. Linnell, B. E. Chasco, C. W. Epps, and W. J. Zielinski. 2017.
Using high-resolution short-term location data to describe territoriality in
Pacific martens. Journal of Mammalogy 98:679—-689.

Moriarty, K. M., W. J. Zielinski, and E. D. Forsman. 2011. Decline in American
marten occupancy rates at Sagehen Experimental Forest, California. The
Journal of Wildlife Management 75:1774—1787.

Morin, D. J., S. D. Higdon, J. L. Holub, D. M. Montague, M. L. Fies, L. P. Waits, and
M. J. Kelly. 2016. Bias in carnivore diet analysis resulting from
misclassification of predator scats based on field identification. Wildlife
Society Bulletin 40:669—677.

Morin, D. J., L. P. Waits, D. C. McNitt, and M. J. Kelly. 2018. Efficient single-survey
estimation of carnivore density using fecal DNA and spatial capture-
recapture: a bobcat case study. Population Ecology 60:197-209.

Morrison, P. H., and F. J. Swanson. 1990. Fire history and pattern in a Cascade Range
landscape. General Technical Report, U.S. Department of Agriculture, Forest
Service, Pacific Northwest Research Station, Portland, Oregon.

Miiller, J., O. Mitesser, H. M. Schaefer, S. Seibold, A. Busse, P. Kriegel, D. Rabl, R.
Gelis, A. Arteaga, J. Freile, G. A. Leite, T. N. de Melo, J. LeBien, M.
Campos-Cerqueira, N. Bliithgen, C. J. Tremlett, D. Bottger, H. Feldhaar, N.
Grella, A. Falconi-Lopez, D. A. Donoso, J. Moriniere, and Z. Bufivalova.
2023. Soundscapes and deep learning enable tracking biodiversity recovery in
tropical forests. Nature Communications 14:6191.

Neiswenter, S. A., and R. C. Dowler. 2007. Habitat use of western spotted skunks and
striped skunks in Texas. Journal of Wildlife Management 71:583-586.



59

Neiswenter, S. A., R. C. Dowler, and J. H. Young. 2010. Activity patterns of two
sympatric species of skunks (Mephitis mephitis and Spilogale gracilis) in
Texas. Southwestern Naturalist 55:16-21.

Neiswenter, S. A., D. B. Pence, and R. C. Dowler. 2006. Helminths of sympatric
striped, hog-nosed, and spotted skunks in west-central Texas. Journal of
Wildlife Diseases 42:511-517.

Niku, J., F. K. C. Hui, S. Taskinen, and D. I. Warton. 2019. gllvm: Fast analysis of
multivariate abundance data with generalized linear latent variable models in
r. Methods in Ecology and Evolution 10:2173-2182.

Nuske, S. J., K. Vernes, T. W. May, A. W. Claridge, B. C. Congdon, A.
Krockenberger, and S. E. Abell. 2017. Redundancy among mammalian fungal
dispersers and the importance of declining specialists. Fungal Ecology 27:1—
13.

O’Brien, T. G. 2011. Abundance, Density and Relative Abundance: A Conceptual
Framework. Pages 71-96 in A. F. O’Connell, J. D. Nichols, and K. U.
Karanth, editors. Camera Traps in Animal Ecology: Methods and Analyses.
Springer Japan, Tokyo. <https://doi.org/10.1007/978-4-431-99495-4 6>.

Oksanen, J., F. Guillaume Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn,
P. R. Minchin, R. B. O’Hara, G. L. Simpson, P. Solymos, M. H. H. Stevens,
E. Szoecs, and H. Wagner. 2020. vegan: Community Ecology Package. R
package. <https://CRAN.R-project.org/package=vegan>.

Opps, S. B., L. A. Cudmore, and M. Silva-Opps. 2020. Movement patterns of the
eastern chipmunk (7amias striatus) in four fragmented landscapes of Prince
Edward Island, Canada. Open Journal of Ecology 10:688—715.

Orning, E. K. 2019. Carnivore competition: Spatial and dietary implications of gray
wolf recolonization for cougars in northeast Oregon. Oregon State University,
Corvallis, Oregon.

Ostfeld, R. S., C. D. Canham, K. Oggenfuss, R. J. Winchcombe, and F. Keesing.
2006. Climate, Deer, Rodents, and Acorns as Determinants of Variation in
Lyme-Disease Risk. PLOS Biology 4:e145.

Owen, K. C., A. D. Melin, F. A. Campos, L. M. Fedigan, T. W. Gillespie, and D. J.
Mennill. 2020. Bioacoustic analyses reveal that bird communities recover
with forest succession in tropical dry forests. Avian Conservation and Ecology
15. <http://www.ace-eco.org/vol15/iss1/art25/>.

Parsons, M. A., A. E. Orloff, and L. R. Prugh. 2021. Evaluating livetrapping and
camera-based indices of small-mammal density. Canadian Journal of Zoology
99:521-530.

Pebesma, E. J., and R. S. Bivand. 2005. Classes and methods for spatial data in {R}.
R News 5:9-13.

Peterken, G. F., and M. Game. 1984. Historical Factors Affecting the Number and
Distribution of Vascular Plant Species in the Woodlands of Central
Lincolnshire. Journal of Ecology 72:155-182.

Pfeiffer, E. W. 1953. Animals trapped in mountain beaver (Aplodontia rufa) runways,
and the mountain beaver in captivity. Journal of Mammalogy 34:396.



60

Phalan, B., R. E. Green, L. V. Dicks, G. Dotta, C. Feniuk, A. Lamb, B. B. N.
Strassburg, D. R. Williams, E. K. H. J. zu Ermgassen, and A. Balmford. 2016.
How can higher-yield farming help to spare nature? Science 351:450-451.

Phalan, B., M. Onial, A. Balmford, and R. E. Green. 2011. Reconciling food
production and biodiversity conservation: land sharing and land sparing
compared. Science 333:1289.

Phalan, B. T., J. M. Northrup, Z. Yang, R. L. Deal, J. S. Rousseau, T. A. Spies, and
M. G. Betts. 2019. Impacts of the Northwest Forest Plan on forest
composition and bird populations. Proceedings of the National Academy of
Sciences 116:3322-3327.

Powell, R. A. 1979. Mustelid spacing patterns: variations on a theme by Mustela.
Zeitschrift fiir Tierpsychologie 50:153—-165.

Proulx, G. 2010. We need more research and conservation programs on
mesocarnivores. Canadian Wildlife Biology and Management 9:1-2.

R Core Team. 2019. R: a language and environment for statistical computing. Vienna,
Austria. <https://www.R-project.org/>.

R Development Core Team. 2014. R. A languare and environment for statistical
computing, R Foundation for Statistical Computing, Vienna, Austria.

Ralph, C. J., G. L. Hunt, M. G. Raphael, and J. F. Piatt. 1995. Ecology and
conservation of the Marbled Murrelet. U.S. Department of Agriculture, Forest
Service, Pacific Southwest Research Station, Albany, CA.
<https://www.fs.usda.gov/treesearch/pubs/27863>. Accessed 22 Nov 2023.

Raphael, M. G., G. A. Falxa, and A. E. Burger. 2018. Marbled Murrelet. Pages 301—
350 in T. A. Spies, P. A. Stine, R. A. Gravenmier, J. W. Long, and M. J.
Reilly, editors. Synthesis of science to inform land management within the
Northwest Forest Plan area. Volume PNW-GTR-966. US Department of
Agriculture, Forest Service, Pacific Northwest Research Station, Portland,
OR.

Raphael, M., D. E. Mack, J. Marzluff, and J. M. Luginbuhl. 2002. Effects of forest
fragmentation on populations of the Marbled Murrelet. Studies in Avian
Biology 25:221-235.

Reed, D. T., and C. R. Tosh. 2019. Diversity loss is predicted to increase extinction
risk of specialist animals by constraining their ability to expand niche. Journal
of Theoretical Biology 476:44-50.

Reeves, G. H., D. H. Olson, S. M. Wondzell, P. A. Bisson, S. Gordon, S. A. Miller, J.
W. Long, and M. J. Furniss. 2018. The Aquatic Conservation Strategy of the
Northwest Forest Plan - a review of the relevant science after 23 years. Pages
461-624 in T. A. Spies, P. A. Stine, R. A. Gravenmier, J. W. Long, and M. J.
Reilly, editors. Synthesis of science to inform land management within the
Northwest Forest Plan area. Volume PNW-GTR-966. US Department of
Agriculture, Forest Service, Pacific Northwest Research Station, Portland,
Oregon.

Reichel, J. D. 1991. Relationships among coyote food habits, prey populations, and
habitat use.



61

Reilly, M. J., C. J. Dunn, G. W. Meigs, T. A. Spies, R. E. Kennedy, J. D. Bailey, and
K. Briggs. 2017. Contemporary patterns of fire extent and severity in forests
of the Pacific Northwest, USA (1985-2010). Ecosphere 8:¢01695.

Rempel, R. S., K. A. Hobson, George Holborn, S. L. van Wilgenburg, and Julie
Elliott. 2005. Bioacoustic monitoring of forest songbirds: interpreter
variability and effects of configuration and digital processing methods in the
laboratory. Journal of Field Ornithology 76:1-11.

Riaz, T., W. Shehzad, A. Viari, F. Pompanon, P. Taberlet, and E. Coissac. 2011.
ecoPrimers: inference of new DNA barcode markers from whole genome
sequence analysis. Nucleic Acids Research 39:e145—e145.

Ricketts, T. H., K. B. Watson, I. Koh, A. M. Ellis, C. C. Nicholson, S. Posner, L. L.
Richardson, and L. J. Sonter. 2016. Disaggregating the evidence linking
biodiversity and ecosystem services. Nature Communications 7:13106.

Ripple, W. J., J. A. Estes, R. L. Beschta, C. C. Wilmers, E. G. Ritchie, M.
Hebblewhite, J. Berger, B. Elmhagen, M. Letnic, M. P. Nelson, O. J. Schmitz,
D. W. Smith, A. D. Wallach, and A. J. Wirsing. 2014. Status and ecological
effects of the world’s largest carnivores. Science 343:1241484—-1241484.

Ripple, W. J., T. M. Newsome, C. Wolf, R. Dirzo, K. T. Everatt, M. Galetti, M. W.
Hayward, G. L. H. Kerley, T. Levi, P. A. Lindsey, D. W. Macdonald, Y.
Malhi, L. E. Painter, C. J. Sandom, J. Terborgh, and B. Van Valkenburgh.
2015. Collapse of the world’s largest herbivores. Science Advances
1:¢1400103.

Roberge, J.-M., and P. Angelstam. 2004. Usefulness of the umbrella species concept
as a conservation tool. Conservation Biology 18:76—85.

Roemer, G. W., M. E. Gompper, and B. Van Valkenburgh. 2009. The ecological role
of the mammalian mesocarnivore. BioScience 59:165-173.

Roffler, G. H., J. M. Allen, A. Massey, and T. Levi. 2021. Metabarcoding of fecal
DNA shows dietary diversification in wolves substitutes for ungulates in an
island archipelago. Ecosphere 12:¢03297.

Romaén-Palacios, C., and J. J. Wiens. 2020. Recent responses to climate change reveal
the drivers of species extinction and survival. Proceedings of the National
Academy of Sciences 117:4211-4217.

Rosenberg, K. V., A. M. Dokter, P. J. Blancher, J. R. Sauer, A. C. Smith, P. A. Smith,
J. C. Stanton, A. Panjabi, L. Helft, M. Parr, and P. P. Marra. 2019. Decline of
the North American avifauna. Science 366:120.

Rowecliffe, J. M., and C. Carbone. 2008. Surveys using camera traps: are we looking
to a brighter future? Animal Conservation 11:185-186.

Rowclifte, J. M., J. Field, S. T. Turvey, and C. Carbone. 2008. Estimating animal
density using camera traps without the need for individual recognition.
Journal of Applied Ecology 45:1228-1236.

Rowe, R. J., R. C. Terry, and E. A. Rickart. 2011. Environmental change and
declining resource availability for small-mammal communities in the Great
Basin. Ecology 92:1366—-1375.

Royle, J. A. 2004. N-mixture models for estimating population size from spatially
replicated counts. Biometrics 60:108—115.



62

Royle, J. A., R. B. Chandler, R. Sollmann, and B. Gardner, editors. 2014. Spatial
Capture-Recapture. Page i in. Spatial Capture-recapture. Academic Press,
Boston.
<http://www.sciencedirect.com/science/article/pii/B9780124059399000219>.

Royle, J. A., R. M. Dorazio, and W. A. Link. 2007. Analysis of multinomial models
with unknown index using data augmentation. Journal of Computational and
Graphical Statistics 16:67-85.

Royle, J. A., and J. D. Nichols. 2003. Estimating abundance from repeated presence-
absence data or point counts. Ecology 84:777-790.

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

Ruggiero, L. F., L. C. Jones, and K. B. Aubry. 1991. Plant and animal habitat
associations in Douglas-fir forests of the Pacific Northwest: an overview.
Wildlife and Vegetation of Unmanaged Douglas-fir Forests, General
Technical Report, USDA Forest Service, Portland, Oregon.

Ruprecht, J., C. E. Eriksson, T. D. Forrester, D. B. Spitz, D. A. Clark, M. J. Wisdom,
M. Bianco, M. M. Rowland, J. B. Smith, B. K. Johnson, and T. Levi. 2021.
Variable strategies to solve risk—reward tradeoffs in carnivore communities.
Proceedings of the National Academy of Sciences 118:¢2101614118.

Ruprecht, J. S., C. E. Eriksson, T. D. Forrester, D. A. Clark, M. J. Wisdom, M. M.
Rowland, B. K. Johnson, and T. Levi. 2021. Evaluating and integrating spatial
capture—recapture models with data of variable individual identifiability.
Ecological Applications 31:¢02405.

Sandor, A. D., and D. T. Ionescu. 2009. Diet of the eagle owl (Bubo bubo) in Brasov,
Romania. North-Western Journal of Zoology 5.

Sandstrom, J., C. Bernes, K. Junninen, A. Lohmus, E. Macdonald, J. Miiller, and B.
G. Jonsson. 2019. Impacts of dead wood manipulation on the biodiversity of
temperate and boreal forests. A systematic review. Journal of Applied
Ecology 56:1770-1781.

Sasse, D. B. 2021. Reexamination of the Purported Rapid Population Decline of
Plains Spotted Skunks in the Mid-Twentieth Century. Southeastern Naturalist
20:83-94.

Schmidt, G. M., M. K. Jennings, J. G. Smith, E. E. Boydston, L. M. Lyren, and R. L.
Lewison. 2023. Bobcats in southern California respond to urbanization at
multiple scales. Biological Conservation 278:109849.

Schmidt, K. A., J. R. Goheen, R. Naumann, R. S. Ostfeld, E. M. Schauber, and A.
Berkowitz. 2001. Experimental removal of strong and weak predators: mice
and chipmunks preying on songbird nests. Ecology 82:2927-2936.

Schnell, I. B., K. Bohmann, and M. T. P. Gilbert. 2015. Tag jumps illuminated —
reducing sequence-to-sample misidentifications in metabarcoding studies.
Molecular Ecology Resources 15:1289-1303.

Selko, L. F. 1937. Food Habits of lowa Skunks in the Fall of 1936. The Journal of
Wildlife Management 1:70-76.

Seneviratne, X. Zhang, M. Adnan, W. Badi, C. Dereczynski, A. Di Luca, S. Ghosh, I.
Iskandar, J. Kossin, S. Lewis, F. Otto, 1. Pinto, M. Satoh, S. M. Vicente-
Serrano, M. Wehner, and B. Zhou. 2022. 2021: Weather and Climate Extreme



63

Events in a Changing Climate. Pages 1513—1766 in V. Masson-Delmotte, P.
Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L.
Goldfarb, M. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R. Matthews, T.
K. Maycock, T. Waterfield, O. Yelekei, R. Yu, and B. Zhou, editors. Climate
Change 2021: The Physical Science Basis. Contribution of Working Group I
to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA. <https://www.ipcc.ch/report/ar6/wgl/chapter/chapter-11/>.

Shao, X., Q. Lu, M. Liu, M. Xiong, H. Bu, D. Wang, S. Liu, J. Zhao, S. Li, and M.
Yao. 2021. Generalist carnivores can be effective biodiversity samplers of
terrestrial vertebrates. Frontiers in Ecology and the Environment 19:557-563.

Siitonen, J., and B. G. Jonsson. 2012. Other associations with dead woody material.
Pages 58—81 in B. G. Jonsson, J. N. Stokland, and J. Siitonen, editors.
Biodiversity in Dead Wood. Ecology, Biodiversity and Conservation,
Cambridge University Press, Cambridge.
<https://www.cambridge.org/core/books/biodiversity-in-dead-wood/other-
associations-with-dead-woody-
material/96360E143EDB635EF331789DC5434E77>.

Sikes, R. S. and Animal Care and Use Committee of the American Society of
Mammalogists. 2016. 2016 Guidelines of the American Society of
Mammalogists for the use of wild mammals in research and education.
Journal of Mammalogy 97:663—688.

Sillett, S. C., B. McCune, J. E. Peck, T. R. Rambo, and A. Ruchty. 2000. Dispersal
limitations of epiphytic lichens result in species dependent on old-growth
forests. Ecological Applications 10:789-799.

Simmons, E. A., M. G. Scudder, T. A. Morgan, E. C. Berg, and G. A. Christensen.
2016. Oregon’s forest products industry and timber harvest 2013 with trends
through 2014. Gen. Tech. Rep. PNW-GTR-942. Portland, OR: US
Department of Agriculture, Forest Service, Pacific Northwest Research
Station. 58 p. 942.

Simms, D. A. 1979. North American weasels: resource utilization and distribution.
Canadian Journal of Zoology 57:504-520.

Slauson, K. M., W. J. Zielinski, and J. P. Hayes. 2007. Habitat selection by American
Martens in Coastal California. Journal of Wildlife Management 71:458—468.

Sollmann, R., A. Mohamed, H. Samejima, and A. Wilting. 2013. Risky business or
simple solution — Relative abundance indices from camera-trapping.
Biological Conservation 159:405—412.

Spies, T. A. 2004. Ecological Concepts and Diversity of Old-Growth Forests. Journal
of Forestry 102:14-20.

Spies, T. A., and J. F. Franklin. 1988. Old growth and forest dynamics in the
Douglas-fir region of western Oregon and Washington. Natural Areas Journal
8:190-201.

Spies, T. A., J. W. Long, S. Charnley, P. F. Hessburg, B. G. Marcot, G. H. Reeves, D.
B. Lesmeister, M. J. Reilly, L. K. Cerveny, P. A. Stine, and M. G. Raphael.
2019. Twenty-five years of the Northwest Forest Plan: what have we learned?
Frontiers in Ecology and the Environment 17:511-520.



64

Sprayberry, T. R., and A. J. Edelman. 2016. Food Provisioning of Kits by a Female
Eastern Spotted Skunk. Southeastern Naturalist 15.
<https://doi.org/10.1656/058.015.0417>.

Sprayberry, T. R., and A. J. Edelman. 2018. Den-site selection of eastern spotted
skunks in the southern Appalachian Mountains. Journal of Mammalogy
99:242-251.

Steenweg, R., M. Hebblewhite, R. Kays, J. Ahumada, J. T. Fisher, C. Burton, S. E.
Townsend, C. Carbone, J. M. Rowcliffe, J. Whittington, J. Brodie, J. A.
Royle, A. Switalski, A. P. Clevenger, N. Heim, and L. N. Rich. 2017. Scaling-
up camera traps: monitoring the planet’s biodiversity with networks of remote
sensors. Frontiers in Ecology and the Environment 15:26-34.

Stoelb, D. 2020. 2019 February winter storms spotlight. Oregon Office of Emergency
Management.
<https://storymaps.arcgis.com/stories/a60e9116f5{240ae95424¢878e344ce7>.
Accessed 1 Jul 2023.

Stuart, S. N., J. S. Chanson, N. A. Cox, B. E. Young, A. S. L. Rodrigues, D. L.
Fischman, and R. W. Waller. 2004. Status and Trends of Amphibian Declines
and Extinctions Worldwide. Science 306:1783.

Sueur, J., S. Pavoine, O. Hamerlynck, and S. Duvail. 2009. Rapid acoustic survey for
biodiversity appraisal. PLOS ONE 3:e4065.

Sutherland, C., J. A. Royle, and D. W. Linden. 2019. oSCR: a spatial capture—
recapture R package for inference about spatial ecological processes.
Ecography 42:1459-1469.

Swanson, F. J., and J. A. Jones. 2002. Geomorphology and hydrology of the HJ
Andrews experimental forest, Blue River, Oregon. Field guide to geologic
processes in Cascadia 36:289-313.

Symondson, W. O. C. 2002. Molecular identification of prey in predator diets.
Molecular Ecology 11:627-641.

Taberlet, P., E. Coissac, F. Pompanon, L. Gielly, C. Miquel, A. Valentini, T. Vermat,
G. Corthier, C. Brochmann, and E. Willerslev. 2007. Power and limitations of
the chloroplast trn. (UAA) intron for plant DNA barcoding. Nucleic Acids
Research 35:e14—¢14.

Teensma, P. D. A. 1987. Fire history and fire regimes of the central western cascades
of Oregon. University of Oregon, Eugene, Oregon.

Tercel, M. P. T. G., W. O. C. Symondson, and J. P. Cuff. 2021. The problem of
omnivory: a synthesis on omnivory and DNA metabarcoding. Molecular
Ecology 30:2199-2206.

The White House. 2019. President Donald J. Trump approves Oregon Disaster
Declaration. Statements and Releases.
<https://trumpwhitehouse.archives.gov/briefings-statements/president-donald-
J-trump-approves-oregon-disaster-declaration-2>. Accessed 9 Oct 2023.

Thorne, E. D., C. Waggy, D. S. Jachowski, M. J. Kelly, and W. M. Ford. 2017.
Winter habitat associations of eastern spotted skunks in Virginia. The Journal
of Wildlife Management 81:1042—-1050.



65

Tobler, M. W., S. E. Carrillo-Percastegui, R. Leite Pitman, R. Mares, and G. Powell.
2008. An evaluation of camera traps for inventorying large- and medium-
sized terrestrial rainforest mammals. Animal Conservation 11:169-178.

Tosa, M. L, E. H. Dziedzic, C. L. Appel, J. Urbina, A. Massey, J. Ruprecht, C. E.
Eriksson, J. E. Dolliver, D. B. Lesmeister, M. G. Betts, C. A. Peres, and T.
Levi. 2021. The Rapid Rise of Next-Generation Natural History. Frontiers in
Ecology and Evolution 9:698131.

Tosa, M. L., D. B. Lesmeister, J. M. Allen, and T. Levi. 2023. Multi-locus DNA
metabarcoding reveals seasonality of foraging ecology of western spotted
skunks in the Pacific Northwest. Ecosphere 14:¢4386.

Tosa, M. 1., D. B. Lesmeister, and T. Levi. 2022. Barred owl predation of western
spotted skunks. Northwestern Naturalist 103:250-256.

Tweedy, P. J., K. M. Moriarty, J. D. Bailey, and C. W. Epps. 2019. Using fine scale
resolution vegetation data from LiDAR and ground-based sampling to predict
Pacific marten resting habitat at multiple spatial scales. Forest Ecology and
Management 452:117556.

U.S. Department of Agriculture, Forest Service and U.S. Department of the Interior,
Bureau of Land Management [USDA and USDOI]. 1994. Final supplemental
environmental impact statement on management of habitat for late-
successional and old-growth forest related species within the range of the
northern spotted owl. Volume 1 and 2. Washington, D.C.
<https://www.fs.usda.gov/r6/reo/library/downloads/documents/NWFP-FSEIS-
1994-1.pdf>.

US Fish and Wildlife Service. 2012. Endangered and threatened wildlife and plants;
90-day finding on a petition to list the prairie gray fox, the plains spotted
skunk, and a distinct population segment of the Mearn’s eastern cottontail in
east-central Illinois and western Indiana as endangered or threatened species.
Federal Register 77:71159-71771.

USDM. 2022. U.S. Drought Monitor. National Drought Mitigation Center at the
University of Nebraska-Lincoln, U.S. Department of Agriculture, and
National Oceanic and Atmospheric Administration, Lincoln, Nebraska, USA.
<https://droughtmonitor.unl.edu/>. Accessed 1 Feb 2022.

de Valpine, P., C. Paciorek, D. Turek, N. Michaud, C. Anderson-Bergman, F.
Obermeyer, C. Wehrhahn Cortes, A. Rodriguez, D. Temple Lang, and S.
Paganin. 2021. NIMBLE: MCMC, Particle Filtering, and Programmable
Hierarchical Modeling. Zenodo. <https://zenodo.org/record/1211190>.
Accessed 6 Jul 2021.

Verts, B. J., and L. N. Carraway. 1998. Land Mammals of Oregon. University of
California Press. <https://books.google.com/books?id=8KI1 AmzIDnwC>.

Verts, B. J., L. N. Carraway, and A. Kinlaw. 2001. Spilogale gracilis. Mammalian
Species 1-10.

Villette, P., C. J. Krebs, and T. S. Jung. 2017. Evaluating camera traps as an
alternative to live trapping for estimating the density of snowshoe hares
(Lepus americanus) and red squirrels (Tamiasciurus hudsonicus). European
Journal of Wildlife Research 63:7.



66

Villette, P., C. J. Krebs, T. S. Jung, and R. Boonstra. 2016. Can camera trapping
provide accurate estimates of small mammal ( Myodes rutilus and Peromyscus
maniculatus ) density in the boreal forest? Journal of Mammalogy 97:32—40.

Wan, H. Y., K. McGarigal, J. L. Ganey, V. Lauret, B. C. Timm, and S. A. Cushman.
2017. Meta-replication reveals nonstationarity in multi-scale habitat selection
of Mexican Spotted Owl. The Condor 119:641-658.

Wang, Y., U. Naumann, S. T. Wright, and D. I. Warton. 2012. mvabund— an R
package for model-based analysis of multivariate abundance data. Methods in
Ecology and Evolution 3:471-474.

Wangensteen, O. S., C. Palacin, M. Guardiola, and X. Turon. 2018. DNA
metabarcoding of littoral hard-bottom communities: high diversity and
database gaps revealed by two molecular markers. X. Pochon, editor. PeerJ
6:€4705.

Weldy, M. 2018. Spatiotemporal associations of abundance and vital rates of co-
occurring small mammals in a late successional forest. Oregon State
University, Corvallis, Oregon.

Weldy, M. J., C. W. Epps, D. B. Lesmeister, T. Manning, M. A. Linnell, and E. D.
Forsman. 2019. Abundance and ecological associations of small mammals.
The Journal of Wildlife Management 83:902-915.

Wender, B. W., C. A. Harrington, and J. C. Tappeiner. 2004. Flower and fruit
production of understory shrubs in western Washington and Oregon.
Northwest Science 78:124—-140.

White, G. C., and K. P. Burnham. 1999. Program MARK: survival estimation from
populations of marked animals. Bird Study 46:S120-S139.

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis. 2nd ed. Use R!,
Springer-Verlag, New York. <10.1007/978-3-319-24277-4
https://ggplot2.tidyverse.org>.

Wilbert, C. J., S. W. Buskirk, and K. G. Gerow. 2000. Effects of weather and snow
on habitat selection by American martens (Martes americana). Canadian
Journal of Zoology 78:1691-1696.

Wilcove, D. S., D. Rothstein, J. Dubow, A. Phillips, and E. Losos. 1998. Quantifying
Threats to Imperiled Species in the United States. BioScience 48:607-615.

Winner, K., M. J. Noonan, C. H. Fleming, K. A. Olson, T. Mueller, D. Sheldon, and
J. M. Calabrese. 2018. Statistical inference for home range overlap. Methods
in Ecology and Evolution 9:1679-1691.

Zacharias, M. A., and J. C. Roff. 2001. Use of focal species in marine conservation
and management: a review and critique. Aquatic Conservation: Marine and
Freshwater Ecosystems 11:59-76.

Zhang, J., K. Kobert, T. Flouri, and A. Stamatakis. 2014. PEAR: a fast and accurate
[llumina Paired-End reAd mergeR. Bioinformatics 30:614—-620.

Zielinski, W. J., R. L. Truex, G. A. Schmidt, F. V. Schlexer, K. N. Schmidt, and R. H.
Barrett. 2004. Resting habitat selection by fishers in California. The Journal of
Wildlife Management 68:475-492.



Figure 2.1. Study area within the Willamette National Forest in the Cascade
Range of Oregon, USA, and locations of western spotted skunk (Spilogale
gracilis) scats (black crosses).

Detection dog tracks during the summer and fall of 2018 shown in orange, 3 x 3 km
survey grids shown in grey dashed lines, and locations of camera traps shown in
maroon circles. Previously logged areas shown in white. Roads shown in dark grey
lines, and outlines of watersheds shown in thick light grey lines.
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Figure 2.2. Estimation of prey taxonomic richness for western spotted skunks
(Spilogale gracilis) in the Willamette National Forest.

Vertebrate taxonomic richness (blue line) represents species richness. Invertebrate
(red line) and plant (green line) richness represents genus richness.
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Figure 2.3. Invertebrate contents of western spotted skunk (Spilogale gracilis)
scats (n = 130) collected from 2017 to 2019 in the Willamette National Forest
were identified through DNA metabarcoding and mechanical sorting.

(A) Taxonomic relationships of vertebrate diet items where color and size of nodes
represent number of occurrences. (B) Frequency of occurrence (FOO) conditional on
the presence of invertebrates in scat (n = 109).
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Figure 2.4. Vertebrate contents of western spotted skunk (Spilogale gracilis)
scats (n = 130) collected from 2017 to 2019 in the Willamette National Forest
were identified through DNA metabarcoding and mechanical sorting.

(A) Taxonomic relationships of vertebrate diet items where color and size of nodes
represent number of occurrences. (B) Frequency of occurrence (FOO) conditional on
the presence of vertebrates in scat (n = 75).
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Figure 2.5. Plant contents of western spotted skunk (Spilogale gracilis) scats (n =
130) collected from 2017 to 2019 in the Willamette National Forest were
identified through DNA metabarcoding and mechanical sorting.

(A) Taxonomic relationships of vertebrate diet items where color and size of nodes
represent number of occurrences. (B) Frequency of occurrence (FOO) conditional on
the presence of plants in scat (n = 37). Note only plants detected in more than one scat
were shown.
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Figure 2.6. Frequency of occurrence of taxonomic groups in western spotted
skunk (Spilogale gracilis) scats (n = 128) collected from 2017-2019 in the
Willamette National Forest.

Contents determined by DNA metabarcoding and mechanical sorting. Left panel
shows frequency of occurrence by season (dry in red, wet in blue), right panel shows
frequency of occurrence by amount of disturbance in the location we collected the
scat (previously logged in tan, no record of logging in green). * represents significant
differences in frequency of occurrence by taxonomic group.
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Figure 2.7. Predicted response curves representing probability of presence of each taxonomic class in western spotted skunk
scat to percent area that was previously logged within a 1 km buffer of the location where scat was collected.

Response curve for dry season (June — September) in red and wet season (October — Mary) in blue. Ribbons represent 95% confidence
interval.
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Abstract

A major threat to small mammalian carnivore populations is human-induced land use
change, but conservation and management are inhibited by limited knowledge about
their ecology and natural history. To fill a key knowledge gap for the western spotted
skunk (Spilogale gracilis), we investigated their spatial ecology at the landscape and
home range scale in the temperate rainforests of the Oregon Cascades during 2017-
2019. For the landscape scale analysis, we used detections of western spotted skunks
at 112 baited camera traps and fitted a dynamic occupancy model to investigate
spatial distribution and drivers of inter-seasonal and inter-annual changes in
occupancy. Concurrently, we radio-collared 25 spotted skunks (9 female, 16 male)
and collected 1,583 relocations. Using continuous-time movement models, we
estimated large home range sizes for both male and female spotted skunks, relative to
their body mass. Using these home ranges, we fitted a resource selection function
using environmental covariates that we assigned to various hypotheses such as
resources, predator avoidance, thermal tolerance, and disturbance. Overall, western
spotted skunks were widely distributed across our study area (seasonal occupancy up
to 63.7 £ 5.3%) and highly detectable (weekly detection probability = 41.2%). At
both landscape and home range spatial scales, spotted skunks selected wetter areas
and local valleys, which we attributed to areas with more resources. At the home
range scale, spotted skunks selected locations with lower predation risk and areas
surrounded by more previously logged forests. In this montane environment, inter-
seasonal contractions in the spatial distributions of spotted skunks were strongly
driven by their response to cold temperature and accumulated snow. This was
especially evident when seasonal occupancy declined significantly following a severe
heavy snow event in February 2019. Given that there is little information available on
the natural history of the western spotted skunk, these results provide essential
information about their ecology to focus future monitoring efforts and may help
identify potential threats (e.g., forest management, severe snow events, or wildfires)

to this species.
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Introduction

Small carnivores (< 21.5 kg) are among the most sensitive mammals to
changes in environmental conditions (Marneweck et al. 2022, Jachowski et al. 2023).
Recent evidence suggests that small carnivore populations are declining globally
(Belant et al. 2009, Marneweck et al. 2021), threatening their ecological function as
predators, insectivores, frugivores, and seed dispersers (Do Linh San et al. 2022,
Marneweck et al. 2022). One of the major threats to small carnivores is human-
induced land use change such as the conversion of forest into large-scale agricultural
plantations, which can cause habitat fragmentation and degradation (Marneweck et al.
2021) and rapid localized extinction even for common species (Gompper and Hackett
2005, Lindenmayer et al. 2011). Some mechanisms for localized extinction of small
carnivores in these degraded landscapes could include an increase in the abundance of
other larger predators or a decrease in the amount of cover, which would hinder their
ability to avoid predation. Therefore, understanding the habitat requirements of
species and restoring their habitat can strongly influence the success of conservation
efforts (Wilcove et al. 1998), but determining habitat requirements of a species can be
challenging once habitat has been converted or once the species is rare or extirpated
from a region. This has led to a growing recognition of the need to study common
species while they are still common (Lindenmayer et al. 2011).

In western North America, the decline of small forest carnivores such as
fishers (Pekania pennanti) (Aubry and Lewis 2003, Zielinski et al. 2004, Aubry et al.
2013) and martens (Martes caurina humboldtensis) (Slauson et al. 2007, Moriarty et
al. 2011, Tweedy et al. 2019) is associated with even-aged forest management
practices that convert complex multi-level forests into simple single-canopy
plantations (Hayes et al. 1997) that reduce the availability of large-diameter trees,
snags, logs, dense cover, and plant diversity. Another small forest carnivore, the
western spotted skunk (Spilogale gracilis), is still relatively common within a large
geographical range that spans from southwestern Canada to Mexico and as far east as
Wyoming and Colorado (McDonough et al. 2022). Its congener, the eastern spotted
skunk (Spilogale putorius), which was also common throughout its range in the

Midwest and Southeast United States, declined by > 90% within a decade (1940-
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1950) and > 99% within 4 decades (1940-1980) (Gompper and Hackett 2005).
Although the causes of decline are poorly understood, population declines have been
linked to habitat loss (Gompper and Hackett 2005). The eastern spotted skunk is now
listed as Vulnerable by the IUCN (Gompper and Jachowski 2016) and the plains
spotted skunk (Spilogale interrupta) is being considered for listing under the
Endangered Species Act (US Fish and Wildlife Service 2012). Eastern spotted skunk
recovery efforts have been hindered by limited information due to low capture rates
(< 2.8%; Hackett et al. 2007) and have relied on a handful of studies conducted after
the population had already declined (Lesmeister et al. 2008a, 2009, 2013).

The limited available research on western spotted skunks is restricted to non-
forested ecosystems including the island spotted skunk subspecies (S. g. phiala)
(Crooks 19945, a, Crooks and Van Vuren 1995), deserts of Texas (Doty and Dowler
2006, Neiswenter et al. 2006, Neiswenter and Dowler 2007), and the chaparral biome
of the Sierra Nevada mountains of California (Carroll 2000). In these ecosystems,
spotted skunks selected for dense cactus patches (Doty and Dowler 2006), large
mesquite (Prosopis glandulosa) trees (Neiswenter and Dowler 2007), canopy cover,
logs, snags, shrubs (Carroll 2000), and ravines (Crooks and Van Vuren 1995).
Western spotted skunk ecology in forests in mountainous environments remains
understudied, particularly in areas with large spatial and interannual variation in
snow, but some evidence suggests the species may be associated with old-growth
forests in the temperate rainforests of the Pacific Northwest (Carey and Kershner
1996).

To better understand the natural history of the western spotted skunk in
forested ecosystems, we studied the species’ spatial ecology in the Oregon Cascade
Mountains using camera traps and radio-collars. The objectives of our study were to
quantify the habitat selection of the western spotted skunk at the landscape scale and
at the individual home range scale, and to investigate the seasonal changes in space
use. We designed our analyses to reflect hypotheses related to anthropogenic
disturbance and the need for resources, thermoregulation, and cover from predators
(Table 3.1). We predicted that western spotted skunk spatial ecology would be
negatively impacted by anthropogenic disturbance (Carey and Kershner 1996),
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positively related to areas that provide food resources and water (Tosa et al. 2023),
positively related to areas with coarse woody debris (Buskirk et al. 1989, Lesmeister
et al. 2008a) and lower snow fall, and driven by a need for cover from predators
(Lesmeister et al. 2009, 2013, Tweedy et al. 2019, Delheimer et al. 2023) as

suggested in other spotted skunk and small carnivore studies.

Study Area

This study was conducted in the McKenzie River District of the Willamette
National Forest and the H. J. Andrews Experimental Forest (HJA), which are located
on the western slope of the Cascade Mountain Range near Blue River, Oregon
(Figure 3.1). Elevations range from 410 m to 1,630 m. The maritime climate is typical
of the Pacific Northwest region and consists of warm, dry summers and mild, wet
winters. Mean monthly temperatures range from 1°C in January to 18°C in July.
Precipitation falls primarily as rain, is concentrated from November through March,
and averages 230 cm at lower elevations and 355 cm at higher elevations.

Lower elevation forests are dominated by Douglas-fir (Pseudotsuga
menziesii), western hemlock (7suga heterophylla), and western red cedar (Thuja
plicata) but also include deciduous trees such as bigleaf maple (Acer macrophyllum).
Upper elevation forests are dominated by noble fir (4bies procera), Pacific silver fir
(Abies amabilis), Douglas-fir, and western hemlock. The understory is variable and
ranged from open to dense shrubs. Common shrubs included Oregon grape (Berberis
spp.), salal (Gaultheria shallon), sword fern (Polystichum munitum), vine maple
(Acer circinatum), Pacific rhododendron (Rhododendron macrophyllum), huckleberry
(Vaccinium spp.), and blackberry and salmonberry (Rubus spp.).

Before timber cutting in 1950, 65% of the HJA was covered in old-growth
forest. Approximately 30% of the HJA was clear cut or shelterwood cut to create
plantation forests varying in tree composition, stocking level, and age. In 1980, the
HJA became a charter member of the Long Term Ecological Research network and
no logging has occurred since 1985. The Willamette National Forest immediately
surrounding the HJA has a similar logging history, but logging continued through the
duration of our study. The HJA consisted of a higher percentage of old-growth forest
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than the surrounding Willamette National Forest (approximately 58% in the HJA vs.
37% in the study area; Davis et al. 2022). In addition to logging, wildfires are a
primary disturbance, followed by windthrow, landslides, root rot infections, lateral
stream channel erosion, and tree fall caused by heavy snow events. On 24 February
2019, near the end of the study, the Oregon Cascades experienced a large heavy snow
event that resulted in a massive tree fall event (DiGregorio 2019, The White House
2019, Stoelb 2020). There were no fires during the study, but mean fire return interval
of partial or complete stand-replacing fires for this area is 166 years and ranges from

20 years to 400 years (Teensma 1987; Morrison and Swanson 1990).

Methods

We studied the resource selection of western spotted skunks at two scales because we
were interested in the spatiotemporal dynamics of the population as a whole and the
responses of individual animals to their environment (Johnson 1980, Mayor et al.
2009). To investigate the inter-seasonal and interannual variability in the spatial
distribution of western spotted skunks across the study area (2" order habitat
selection; Johnson 1980), we implemented multi-season occupancy models using
detections of spotted skunks at baited camera traps. Specifically, we were interested
in the changes in occupancy between seasons and years because our study was
conducted in mountainous terrain where precipitation in the winter can fall as rain at
low elevations and heavy snow at high elevations and the weather was quite variable
during the study (e.g., wet cold spring in 2017, warm dry spring in 2018, drought
conditions during summer 2018, severe snow event during winter 2019). Next, we
used fine-scale locations of spotted skunks from radiotelemetry and GPS data to
estimate western spotted skunk home range sizes and overlap and to model western
spotted skunk resource selection within home ranges (3™ order habitat selection). We
conducted all analyses using Program R (R Core Team 2019) and produced figures

using the ggplot2 package (Wickham 2016).



80

Field methods

Camera traps

We set and maintained 112 baited camera traps (HC500, Reconyx, Holmen,
WI or TrophyCam, Bushnell, Overland Park, KS) between April 2017 — August 2019.
We stratified placement of camera traps based on disturbance (i.e., old growth stand
characteristics) and elevation gradients. Camera traps were part of a larger
biodiversity study (Frey et al. 20164, b, Weldy et al. 2019, Kim et al. 2022). The
camera traps located in the surrounding Willamette National Forest were deployed in
May and June 2018 (n= 58). To increase detection probabilities of carnivores, we
baited each camera trap with a can of fish flavored cat food or sardines, a fresh dead
mouse (Mus musculus), and a commercially available carnivore lure (e.g., Gusto,
Caven’s Lure, Pennock, MN). We manually tagged species presence in camera trap
photographs in DigiKam (V6.1.0, www.digikam.org), extracted metadata using the
exifr package (Dunnington and Harvey 2021), converted western spotted skunk

detections into weekly encounter histories.

Capture

We captured spotted skunks from August — May during 2017 — 2019 using
Tomahawk live traps (Model 102 [12.7 cm x 12.7 cm x 40.6 cm] and 103 [15.2 cm x
15.2 cm x 48.3 cm], Tomahawk Live Trap Co., Hazelhurst, WI). We placed traplines
of 10-30 live traps at 100 — 250 m intervals along accessible trails and roads near
detections of western spotted skunks on camera traps. To reduce trap injuries, we
modified Tomahawk traps with corrugated plastic to eliminate gaps between the trap
door and floor. We also included polyester insulation in traps during the winter to
help trapped animals with thermoregulation. We covered traps with burlap and bark
or leaf litter. We baited each trap with one or a combination of the following:
sardines, a frozen dead house mouse, or commercially available carnivore lures. We
checked traps daily between 0600 and 1000.

Once captured, we physically restrained and chemically immobilized skunks
using an intramuscular injection of 15 mg/kg ketamine HCl (Zoetis Services LLC,
Parsippany, NJ) and 40 mcg/kg dexmedetomidine HCl (Zoetis Services LLC,

Parsippany, NJ). Following chemical immobilization, we determined sex, recorded
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mass and morphometric measurements, and examined tooth wear. We fit each skunk
with two metal ear tags (Monel size 1; National Band and Tag Co., Newport, KY)
and a VHF radio-collar < 5% of their body mass (M 1545, 16 g; Advanced Telemetry
Systems, Isanti, MN). We also fit 4 large male skunks (> 550 g) with GPS collars
(LiteTrack20, 20 g; SirTrack, New Zealand) during the breeding season (September —
October). All capture and handling protocols were approved by the United States
Department of Agriculture Forest Service Animal Care and Use Committee (USFS
2016-015) under Oregon Department of Fish and Wildlife Scientific Take Permits
(ODFW 107-17, ODFW 059-18, and ODFW 081-19) and followed guidelines of the
American Society of Mammalogists (Sikes et al. 2016).

Relocations

For our 3" order of resource selection analysis, we collected spatial data on
western spotted skunks from August 2017 — August 2019 in three ways: 1) we
recorded location information for any skunk that we captured in a trap, 2) we
triangulated collar VHF signals from the roads nightly when skunks were more
active, and 3) we used homing techniques on collar VHF signal daily to identify
diurnal rest site locations. We derived skunk locations from triangulations of > 3
signal bearings with > 20 degrees difference within 20 min. from a hand-held 3-
element Yagi antenna in the program Locate III (Nams 2006). To gain finer-scale
movement data, we programmed the 4 GPS collars to collect locations at 30-minute
fix intervals during the night (21:00 — 09:00) when skunks were more active and at 4-
hour fix intervals during the day (09:00-21:00) when skunks are less active (Moriarty
and Epps 2015). We used 2 types of GPS location acquisition technology (SWIFT fix
and standard fix) and programmed 2 collars for each. SWIFT fixes were recently
developed to improve GPS fix success rates and reduce battery energy consumption
compared to standard fix devices, especially in forested ecosystems (Forrest et al.
2022). We conservatively only analyzed GPS locations where the horizontal dilution
of precision was <20 (n = 14) (D’Eon et al. 2002).
Model covariates

We assessed western spotted skunk habitat at local and landscape levels with

environmental covariates derived from satellite imagery, light detection and ranging
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(LiDAR) maps (collected from 2008 to 2016), and other maps acquired from the
USDA Forest Service and Oregon Explorer (https://oregonexplorer.info/) (Table 3.1).
We assigned each covariate to a category based on our hypotheses related to
resources, predation, thermal tolerance, and disturbance. In addition to linear
functional forms of each variable, we explored the quadratic form for elevation and
the logarithmic form of distance to features of stream, waterbody, road, and areas
logged within the last 100 years. We averaged landscape level variables using buffer
sizes of 100 m, 500 m, 1 km, and 5 km to represent minimum and mean step length
traveled in 1 hour when skunks were active (estimated from GPS locations),
approximate core area size (also maximum step length traveled in 1 hour), and home
range size of a western spotted skunk (this study), respectively (McGarigal et al.
2016). To determine the appropriate scale and functional forms of variables, we fitted
single covariate models and compared models using Akaike’s Information Criterion
corrected for small sample size (AICc) (Burnham and Anderson 2011). For each
covariate, the scale or functional form of the model with the lowest AICc score was
identified as the most-supported scale or functional form, respectively. To prevent
multi-collinearity and confounding factors, we computed Pearson’s correlation
coefficients between each pair of covariates and retained the covariate with the
greater average deviance explained when 2 or more covariates were highly correlated
(i.e., |1/ = 0.6) (Wan et al. 2017). All covariates were centered and scaled prior to

fitting models to facilitate effect size comparisons and model convergence.

Statistical analyses

Occupancy models

To evaluate the inter-seasonal and interannual variability in 2" order selection
by western spotted skunks across the landscape, we conducted dynamic occupancy
analyses. Dynamic occupancy analyses allowed us to formally address our anecdotal
observations of declines in spotted skunk detections at higher elevations during the
winter when there was consistent snow cover. We separated encounter histories into
17- and 18-week biologically meaningful seasons for summer (June — September),

fall (October — January), and spring (February — May). Summer corresponded to the


https://oregonexplorer.info/
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dry season in the Oregon Cascades, fall represented the wet season and the mating
season of western spotted skunks, and spring represented a period in the Oregon
Cascades when there was consistent snow cover at high elevations and food resources
were likely most scarce. This resulted in 7 seasons (summer 2017 through summer
2019) and allowed us to investigate seasonal shifts in space use by western spotted
skunks. Since it was possible for western spotted skunks to visit multiple cameras,
occupancy model results should be interpreted as space use instead of occupancy of
sites.

We calculated naive occupancy for each season by dividing the number of
sites where western spotted skunks were detected on baited camera traps by the total
number of sites monitored during that season. We estimated each of the four
parameters, detection (p), initial occupancy (), colonization (y), and extinction (€) as
a function of environmental covariates (Table 3.1) using the unmarked package
(Fiske and Chandler 2011). Since the unmarked dynamic occupancy models require
balanced encounter histories for each season, we augmented encounter histories with
NA values so that each season consisted of 18 weeks. We started with the null model
p~1,y~1,y~1,e~1)and fit a detection only model with temporal variables:
season, skunk year, and number of weeks since bait. Then, for occupancy,
colonization, and extinction parameters, we fitted univariate models using
environmental or temporal covariates for each hypothesis category and separately
evaluated which covariates to include in each additive hypothesis model (i.e.,
resource model, predation model, thermal model, disturbance model, temporal model)
and ranked univariate models based on AICc scores (Burnham and Anderson 2011).
Only covariates from univariate models that were more supported than the null model
and those that were not highly correlated with one another (|Pearson’s 7| < 0.6) were
included in each hypothesis model. We fitted a parameter model for occupancy,
colonization, and extinction by combining all four hypothesis models. To prevent
overparameterization and to be conservative in our biological interpretations of
covariates, we removed variables with 95% confidence intervals overlapping 0. We

combined all parameter models into the final global model (Figure 3.2).
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For our final model, we conducted a goodness-of-fit test using a parametric
bootstrap with 1000 replicates and the chi-square statistic (Fiske and Chandler 2011,
Kéry and Chandler 2012, Kellner et al. 2023). Finally, we estimated standard errors
of predicted occupancy in each season using a non-parametric bootstrap with 1000
replicates using the nonparboot function and predicted occupancy across the
landscape. To explore whether occupancy probability was declining over time, we fit
a post-hoc linear regression to the predicted seasonal occupancy (predicted occupancy

~ season).

Home Range Estimation

We calculated home range metrics using a continuous-time movement model
in the ctmm package (Fleming and Calabrese 2022). For each telemetry location, we
incorporated variance and covariance of 95% error ellipses. We removed outlier
locations when indicated by the outlie function. For GPS locations, we assumed that 1
horizontal dilution of precision (HDOP) value was equivalent to 10 m error and set
degrees of freedom to 2. Then, we estimated core range (50% isopleth) and home
range (95% isopleth) for each spotted skunk with > 5 locations using autocorrelated
kernel density estimation with the akde function (Fleming and Calabrese 2017). We
used this method because it incorporates error in locations, performs well with low
sample sizes, and allows us to combine multiple sources of location information with
different fix intervals (e.g., rest sites, capture locations, VHF triangulation, and GPS
locations). We calculated the degree of overlap in home ranges using the
Bhattacharyya method (Bhattacharyya 1943) in the overlap function to assess
territoriality within and between sexes of western spotted skunks (Winner et al.
2018). In addition, because there were apparent differences in home range and core
area sizes, we explored clustering within the home range sizes using the kmeans
function (k = 1-5). To verify significant differences between home range sizes of
groups, we ran an ANOVA and Tukey’s honestly significant difference (HSD) test.
Post-hoc, we also explored whether the large differences in home range size we
observed in males but not females could be explained by body mass, total body
length, or environmental variables (i.e., mean elevation, proportion of logging, or

proportion of old growth within the home range) using linear regressions.
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To explore whether skunks shifted their home ranges by season, we calculated
seasonal home ranges using the same methods as above. We split locations based on
the same seasons used in the occupancy modeling: summer (June — September), fall
(October — January), and spring (February — May). We calculated seasonal home
ranges if an animal had > 5 locations multiple seasons. Using the Bhattacharyya
method in the overlap function, we calculated fidelity of home ranges across seasons
(e.g., summer vs. fall).

Within Home Range Resource Selection

To investigate resource selection at the home range scale, we explored the
same environmental variables from our occupancy models. Again, we tested different
scales for landscape variables and linear, quadratic, and log functional forms for
environmental variables with these data to determine which was the most supported.
Since seasonal home range fidelity was high, we selected 25 available points for each
used location within each home animal’s overall home range to estimate resource
selection. We fitted a binomial generalize linear mixed effects regression to used and
available points within the home range and included individual as a random intercept
in the blme package (Chung et al. 2013). To determine which variables to include in
the global model, we fitted univariate models to used and available points. We ranked
univariate models against the null model using AICc and included any variables with
a univariate model that ranked higher than the null and were not correlated with one
another (|Pearson’s 7| < 0.6) in an additive global model. Similar to the dynamic
occupancy analysis, we fit additive hypothesis models for resources, predation,
thermal, and disturbance and combined all hypothesis models into the final global
model. We took this approach for the resource selection analysis because our analysis
was largely exploratory and a global model would better reflect relationships of
western spotted skunks with variables of interest for forest management such as
amount of logging. We excluded skunks with <25 used locations from this analysis
because of model convergence issues.

From observations in the field, we suspected that some western spotted skunks
had opposite relationships with some environmental variables, specifically elevation,

percentage of area logged, and percentage of area mature. To test this, we added a



86

random slope by individual term for one environmental covariate at a time to the final
global model and ranked these models using AICc. We only added a random slope by
individual term for one environmental covariate at a time to prevent

overparameterization and facilitate model convergence.

Results

Over the course of 7970 trap nights, we captured 31 western spotted skunks
(12 female, 19 male) 177 times (2.2% capture success) and tracked 25 of those
individuals (9 female, 16 male) for various durations between October 2017 — August
2019 (Figure S3.1). Males weighed 1.5 times more (massSmate = 595.3 £ 22.3 g,
masStemale = 392.4 = 11.2 g; F129 =47.2, p <0.001) and total body lengths were 4.5
cm longer (lengthmale = 42.2 + 0.5 cm, lengthfemate =37.7 £ 0.5 cm; F120 =36.7, p <
0.001) than females. We recorded 170 skunk capture events, 293 rest site uses, 1011
telemetry locations, and 109 GPS locations. We excluded 34 reuses of a single site by
a female (SG-008) during the summer that we suspect was used for denning and
raising kits. During the spring of 2019, many of our VHF collars failed because the
VHF antenna broke off the collars within 1 month of deployment. We recovered
location data from 2 GPS collars (1 swift fix and 1 standard fix): the swift fix collar
recorded 121 points and 107 points met our error threshold criteria (11.0% fix success
rate; Figure S3.2), whereas the standard fix collar only recorded 2 successful
locations, both of which met the error threshold criteria (0.8% fix success rate).

The western spotted skunks in this study had relatively large home ranges
relative to their body mass compared to other mammalian carnivores (Figure 3.3).
One skunk (SG-001) had 2 distinct home ranges, suggesting the spotted skunk
dispersed on 10 May 2018 (Figure S3.3). Therefore, we treated the 2 home ranges as
separate for the remainder of the analysis. K-means clustering revealed 2 groups of
home ranges (F2,22 = 15.2, p <0.001): a smaller home range consisting of females
(mean = 10.93 km?, 95% CI = 6.63 — 16.86) and males (mean = 16.38 km?, 95% CI =
12.83 —20.49) and a distinctly larger home range consisting of males (mean = 35.83
km?, 95% CI = 31.52 — 40.40) (Table 3.2). Home range size and clustering was

independent of the number of locations used to calculate the home range (Brotal 1ocs = -
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0.05, p <0.56; Figure S3.4), length or body mass of the skunk (Biength =2.21, p =
0.23, Bmass = 0.05, p = 0.09), and other environmental variables including mean
elevation within the home range, percent of forest logged, or percent old growth
(Figure S3.5). Females had similar home range size across seasons, and male home
range sizes differed by season, but there was no consistent trend among individuals
(Figure 3.4A). Some males had larger home ranges during the spring whereas other
males had larger home ranges during the fall (Figure 3.4A). Home range overlap
between neighboring skunks was high regardless of sex (Table 3.3; Figure S3.6), and
individual home range fidelity was high across seasons (fall-spring overlap: 87.6 £
2.6%, fall-summer overlap: 80.2 + 4.5%, spring-summer overlap: 82.0 + 5.8%; Figure
3.4B).

Occupancy models

We detected western spotted skunks at 80 of 112 camera sites (naive occupancy =
71.4%). The final multi-season occupancy model revealed that detection probability
declined with more weeks since bait (Bvait = -0.09 + 0.01) (Figure 3.5; Table S3.3).
Detection probability was highest in the fall and in 2019 and lowest in the summer
and in 2017 (Bp.spring = -0.56 £ 0.10, Bp.summer = -1.03 £ 0.10, Bp201s = 0.25 £ 0.08,
Bp.2019 = 0.36 £ 0.23). Initial occupancy was also higher when there was more mature
forest in the landscape (Bp.maTurE.skM = 0.99 + 0.67), in local valley bottoms

(Bropo pos.ikm = -0.71 £ 0.45), and areas with dense vegetation (g4 =-1.23 £ 1.19).
Colonization probability was higher in areas with more moisture (Bgs = -0.69 + 0.26),
areas with rougher topography (Broucn = 0.25 + 0.20), and areas with lower basal
area of Pacific silver fir (Baam = -0.53 + 0.32). Extinction probability was higher at
low and high elevations (BeLevaTion = -5.14 = 1.53, BeLevatione= 5.76 = 1.67), at
ridge tops (Bropo pos.o.skm = 0.45 £ 0.19), and in areas with more Pacific silver fir
(BaBam = 0.65 £ 0.46). Extinction probability was also higher immediately following
a disturbance (Byrs smce pist = 0.88 £ 0.76, BLoG(yrs sINCE pisT) = -1.47 £ 0.92) and
in areas with less mature forest in the landscape (Br.mature.skm = -0.41 + 0.20).
Probability of colonization was highest between summer and fall (By.summer = 1.70 £

0.51), and probability of extinction was highest between spring and summer (Be.sprRING
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=1.10 £ 0.43) and between 2018 and 2019 (Bs2018 = 1.04 £ 0.35). After accounting
for detection, colonization, and extinction, predicted seasonal occupancy was highest
during the fall of 2017 (63.7 + 5.3%) and lowest during the summer of 2019 (19.9 +
4.2%) following the severe heavy snow event (Figure 3.6). Overall, seasonal
occupancy had a declining trend over the duration of the study (Bscason = -0.05 £ 0.02,
p = 0.038), but this trend was primarily driven by the low predicted occupancy rate

during summer 2019.

Home Range Resource Selection

We censored 5 skunks from the resource selection analysis due to small sample size
(n <25). Used locations within the western spotted skunk home range were best
predicted by predation variables, followed by resource, thermal, and disturbance
variables. The best performing model was one that included a term for random slope
by individual on elevation (Table S3.6). When we fitted the global model with
random slopes for each skunk, we found that each skunk had distinct responses to
elevation where some individuals selected for low elevations whereas other selected
for intermediate elevations (Figure S3.11). Coefficients for covariates were similar
between the global model that only included random intercepts by individuals (Table
S3.6) and the global model that included random intercepts and random slopes for
elevation by individuals (Table S3.7). Overall, spotted skunks selected for variables
related to predation avoidance including shorter understory canopy (Bcanopy HT = -
0.13 £ 0.03) and flatter terrain (Broucn = -0.22 + 0.03) (Figure 3.7; Table S3.7).
Spotted skunks selected for resources such as local valley bottoms (Broro pos.ixkm = -
0.29 £ 0.04), areas near streams (Bpist.stTream = -0.10 £ 0.05, BLoGmisT.sTREAM) = 0.02
+ 0.05), and wetter areas (Bg4 =-0.10 £ 0.04). Spotted skunks also selected for
variables related to thermal tolerance including northerly aspects (Bnorta = 0.30 £
0.04), intermediate elevations (BeLevation = 0.02 £ 0.15, BeLevaTionz = -0.39 £ 0.13),
and more disturbed areas such as locations closer to roads (Bpist.roap = -0.14 = 0.06,
BLoGmisT.ROAD) = -0.15 + 0.03) and locations with more previously logged areas in the

landscape (Br.LoGGep.1km = 0.17 £ 0.04).
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Discussion

This study provides the first detailed movement and habitat analysis of
western spotted skunks in temperate rainforests of the Pacific Northwest. By studying
habitat selection at multiple spatial and temporal scales and with multiple methods,
we found that responses to some environmental variables, such as complex forest
structure, were scale specific, whereas responses to other environmental variables,
such as topographic position index, were consistent at all scales. Given that there is
little information available on the natural history of the western spotted skunk, these
results provide evidence for key aspects of their ecology to focus monitoring efforts
and may be beneficial to understand and identify potential threats (e.g., forest
management, severe snow events, or wildfires) to this species.

We found that western spotted skunks were widely distributed across our
study area (seasonal occupancy up to 63.7 + 5.3%) and highly detectable (weekly
detection probability = 41.2%), suggesting that populations are common in the
Willamette National Forest. We also found that western spotted skunks exhibited
sexual dimorphism in body mass, body length, and home range size. Females were
consistently lighter, smaller, and had smaller home ranges. Some male western
spotted skunks had relatively small home range sizes (16.38 km?) that were similar to
female western spotted skunks (10.93 km?), but other males had home ranges that
were 2.4-fold larger (35.83 km?). The differences in male home range size were
independent of the physical characteristics of the individuals, proportion of forest
type, elevation, or the number of relocations we were able to collect (Figure S3.5).
The home ranges of western spotted skunks in our study were considerably larger
than those previously reported for other western spotted skunk populations (0.50 km?
for males, 1.59 km? for females; Carroll 2000), island spotted skunks (0.29 km? —
0.61 km?; Crooks and Van Vuren 1995, Jones et al. 2008). We also found that this
population of western spotted skunks had larger home ranges than other similarly
sized or closely related carnivores (Lindstedt et al. 1986, Doty 2003, Gehring and
Swihart 2004, Jachowski 2007, King and Powell 2007) (Figure 3.3). The smaller
male western spotted skunk home ranges in this study (95% CI: 12.83 —20.49 km?)

were similar to the breeding season home ranges for male prairie spotted skunks (2.22
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— 18.24 km?), and female western spotted skunk home ranges in this study (6.63 —
16.86 km?) were 5.9-fold larger than home ranges reported for female prairie spotted
skunks (0.21 — 1.48 km?; Lesmeister et al. 2009).

Western spotted skunk occupancy was higher in local valleys and areas with
greener, wetter areas and close to streams, which typically corresponded to areas near
ephemeral creeks and was consistent with previous studies (Brown 1985, Crooks and
Van Vuren 1995, Carey and Kershner 1996). These areas likely provide spotted
skunks with food resources such as invertebrates (e.g., wasps, millipedes, beetles)
(Tosa et al. 2023). Occupancy was also higher in areas surrounded by higher
proportions of mature forests, not of old growth forest, at the 5 km buffer scale, which
was not aligned with our predictions given a past study that suggested that spotted
skunks were associated with old growth forest (Carey and Kershner 1996).

Seasonal occupancy (i.e., landscape use) estimates were highest during the
fall, which may have been driven by higher movement rates by males during the
breeding season. This could have resulted in individual western spotted skunk
detections on multiple camera traps. Lesmeister (2009) found that the highest
movement rates of prairie spotted skunks occurred during the spring when males
quested for reproductive females. Because seasonal home range fidelity of western
spotted skunks was high (> 80%), increases in seasonal occupancy rates during the
fall may also have been due to birth and dispersal events. Conversely, we suspect
decreases in seasonal occupancy rates during the spring may be due to increased
mortality in winter.

Seasonal extinction probabilities appear to reflect sensitivity to recent forest
harvest (harvest within 25 years) and thermal tolerance of western spotted skunks.
Extinction probability was highest in areas with a recent disturbance but dropped off
sharply thereafter (Figure 3.5; Figure S3.9). Extinction probability was also higher at
higher elevations, on ridges, and in areas with more Pacific silver fir. These attributes
represent areas that experience greater volumes of precipitation in the form of snow,
consistent snow cover, especially during the spring, and prolonged snowmelt. This
was especially apparent when we mapped predicted extinction probabilities across

our study area (Figure S3.8). Western spotted skunk sensitivity to snow and cold
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temperatures was apparent when we observed the greatest decline in seasonal
occupancy between spring and summer 2019 following the severe wet snow event
that occurred in February 2019 (Figure 3.6). Not only did this event provide a
downfall of heavy, wet snow, this event also caused widespread tree damage, tree
falls, and landslides (Stoelb 2020). Therefore, declines in spotted skunk occupancy
may have resulted from tree mortality or ground movement (e.g., landslides). It
remains uncertain what population level impact these extreme events may have on
western spotted skunks, but warrants further investigation given extreme weather
events are projected to increase in frequency and severity with climate change
(Seneviratne et al. 2022).

Other similarly sized carnivores are also sensitive to snow and cold
temperatures because of their morphology, high metabolic demands, and limited
energy reserves (Buskirk and Harlow 1989). For example, long-tailed weasels
(Neogale frenata) may be limited in their northward distribution because of snow
cover (Simms 1979). Other species such as ermine (Mustela erminea) and American
marten (Martes americana), however, may be better suited to these conditions
through behavioral adaptations. Ermines are highly adept predators that can balance
their energetic demands by hunting voles in the subnivean zone (Simms 1979).
American marten behaviorally cope with colder temperatures and heavy snow by
selecting subnivean rest sites (Buskirk et al. 1989, Wilbert et al. 2000). Although we
were generally unsuccessful in tracking western spotted skunks when there was deep
snow cover, we regularly detected spotted skunks in camera trap photos walking on
top of the snow, which suggests that spotted skunks were not restricted to the
subnivean zone, at least when active.

While dynamic occupancy models revealed general patterns of space use by
western spotted skunks, resource selection at the home range scale revealed more
detailed responses to environmental variables. In both models, predicted use by
western spotted skunks was higher in local valleys and in greener, wetter areas. Use
of wetter areas was further supported by the greater use of northerly aspects, which
typically remained moister, compared to southerly aspects. Our hypotheses about

spotted skunk use of local valleys were further refined by home range scale analysis
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that showed use was higher with less bigleaf maple basal area and lower canopy
height. Spotted skunks may have avoided lowland riparian forests prone to flooding.
Western spotted skunks are susceptible to predation by barred owls (Strix varia)
(Tosa et al. 2022), which may be a driving factor for selecting areas with more
shrubby vegetation that could reduce predation risk (Figure 3.7). Selection for
vegetative cover to reduce predation risk is consistent with other studies on prairie
spotted skunks and eastern spotted skunks (Lesmeister et al. 2009, Sprayberry and
Edelman 2018, Eng and Jachowski 2019).

At the home range scale, western spotted skunk use was greater in locations
surrounded by more logged area at the 1 km scale, also contrary to the observations
by Carey and Kershner (1996). This was also counter to our findings in the
landscape-level occupancy analysis where occupancy was higher in areas surrounded
by more mature forest at the 5 km scale and extinction probability was higher in areas
with recent disturbances. A possible reason for selection for previously logged forest
could be because light is able to penetrate through the canopy and create denser shrub
cover (Bunnell 1990), which in turn could provide more cover from predators. These
areas, however, may attract other predators, such as bobcats, and may not support the
persistence of western spotted skunks.

In addition, we found that individuals had different responses to
environmental variables, especially elevation. Most skunk home ranges were at
intermediate elevations, but some individuals selected low elevation sites and one
individual selected high elevation sites (Figure S3.11). This suggests that western
spotted skunks exhibit high plasticity and can employ a variety of strategies to
survive in the forests of the Pacific Northwest. Conflicting selection of resources by
individuals has also been noted by a previous study on island spotted skunks, where 1
individual preferred a vegetation type that was avoided by all other monitored
animals (Crooks and Van Vuren 1995). Although spotted skunks may be highly
adaptable to their environmental, they may experience varying mortality risks in these
different environments (Lesmeister et al. 2010). Together, our results suggest that

western spotted skunks are a common, habitat generalist species.
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Although spotted skunks have been described as having more of an “area of
familiarity” instead of a home range (Crabb 1948), we found that western spotted
skunks generally used the same area over the course of the study, apart from one
dispersing skunk. We found that western spotted skunk home ranges of both males
and females overlapped considerably, suggesting that western spotted skunks are not
territorial, unlike other solitary small carnivores (Powell 1979, Inman et al. 2012,
Moriarty et al. 2017). There were no obvious correlations between seasonal male
home range sizes and body mass or body length (Figure S3.5). Male spotted skunk
home ranges appeared to be driven by the size of their summer home ranges, where
males with large summer home ranges had large overall home ranges and male
skunks with small summer home ranges had small overall home ranges. Male home
ranges in the fall and spring were similar (Figure 3.4A). Since food resources are
most abundant during the summer, male skunks with large home ranges may require
larger home ranges to acquire enough food resources to meet their energetic
requirements. Female western spotted skunk home ranges, on the other hand, were
small overall and consistently small across all seasons.

The montane temperate rainforests of the Pacific Northwest can be a
challenging landscape to conduct animal GPS and VHF tracking studies. Dense
canopy cover in valley bottoms are known to hinder communication between GPS
devices and satellites and may prevent fixes from occurring in those location
(Moriarty and Epps 2015) (Figure S3.2). VHF signal strength was limited by weight
of the battery in comparison to the small body size of the western spotted skunk and
prevented us from locating animals far from roads or if the animal was inside a dense
structure (Frair et al. 2010). Therefore, our sample of locations may be biased, so the
apparent selection of areas close to roads by spotted skunks may be artificial. Still,
many carnivores take advantage of road networks for travelling and hunting because
there are fewer obstructions. Furthermore, we found that western spotted skunks
consistently selected areas of low topographic position index, even with these biases,
suggesting that selection for these areas may be higher than quantified in our

analyses.
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Although the use of bait at cameras may bias the detection rates and
occupancy rates by increasing detection rates for western spotted skunks, this method
was necessary to obtain adequate observations of our focal species. Other studies
were not able to detect spotted skunks without bait whereas those with bait in the
same area were able to detect spotted skunks (Kelly and Holub 2008, Thorne et al.
2017).

Future studies of western spotted skunks should explore co-occurrence
patterns with other species and finer scales of selection, such as the characteristics
and availability of rest sites, which may limit spotted skunk distribution (Lesmeister
et al. 2008a). For example, western spotted skunks may depend on mountain beaver
burrows for rest site structures where old-growth forest legacies such as large coarse
woody debris or hollow live trees are scarce. Previous studies have also noted that
associations between western spotted skunks and mountain beavers (Pfeiffer 1953,
Lovejoy 1972). Moreover, associations may exist between western spotted skunks
and their prey species (Tosa et al. 2023) or between western spotted skunks and their
competitors such as the striped skunk (Mephitis mephitis) (Neiswenter et al. 20006,
Neiswenter and Dowler 2007) or Pacific marten (M. caurina).

Forest stand age was not an important predictor of western spotted skunk
space use or resource selection at any scale as it was for prairie spotted skunks
(Lesmeister et al. 2013). This may be because forest structure and understory
complexity are not strictly correlated to forest age in the Pacific Northwest. Most
federally managed forest, regardless of age, typically consist of complex vegetation
structure that can provide ample rest sites and protection from predators. Stands in the
stem-exclusion stage, however, have simple structure and may lack the necessary
resources and protection needed for stable occupancy. Thorne et al. (2017) found that
for eastern spotted skunk, occupancy was high in both young-aged forest and mature
stands that had complex forest structure. If we had not studied western spotted skunks
in old-growth stands that have high vegetation complexity and structure, we may
have concluded that western spotted skunks favor young stands. Therefore, studying
western spotted skunk spatial ecology in a variety of forest types provides important

conservation and forest management information.
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Table 3.1. Descriptions of candidate environmental variables used to develop occupancy and resource selection models for the
western spotted skunk (Spilogale gracilis) in temperate rainforests in the Oregon Cascades.

Category Variable name Range  Units Description Rationale
Disturbance D.ROAD' 0-1,385 m Euclidean distance from nearest road using rgeos::gDistance Areas closer to roads are more
Transformations tested: linear, log disturbed and exhibit more edge
characteristics
Disturbance P.LOGGED! 0-83 % Percent within buffer that was logged within the last 100 years More previously logged areas, more
calculated with landscapemetrics::sample lsm disturbed
Buffer sizes tested: 0.1, 0.5, 1.0, 5.0 km
Disturbance P.MATURE! 5-21 % Percent within buffer categorized as OGSI 80 but not OGSI 200  More mature stands, more legacy of
calculated with landscapemetrics::sample_lsm disturbed
Buffer sizes tested: 0.1, 0.5, 1.0, 5.0 km
Disturbance P.OLDGROWTH! 7-92 % Percent within buffer categorized as OGSI200 calculated with More old growth stands, less
landscapemetrics::sample Ism disturbed
Buffer sizes tested: 0.1, 0.5, 1.0, 5.0 km
Disturbance YRS SINCE DISTURB' 3-103 Year Years since location was logged More time since disturbance, less
Transformations: linear, log disturbed
Disturbance OGSI? 0-88 Old growth structural index as defined by Spies and Franklin More old growth characteristics,
1988 less disturbed
Predation COVER?3 0-1 % Vegetation cover based on the proportion of total returns More cover, more visual obstruction
between 4 m and 16 m from avian predators
Predation CANOPY_HT? 2-83 m 25th percentile height for first returns (P25) Lower canopy height, more
obstruction from predators
Predation ROUGH 0-22 Topographic roughness index (TPI) at site calculated from DEM  Rougher terrain, more opportunities
and Raster::terrain to escape predators
Predation TREE DENSITY? 1-4,247  trees’/ha  Density of live trees, conifers, hardwoods >= 2.5 cm DBH Lower tree density, more area
between trees for avian predators
Resource STAND DIVERSITY? 1-837 DDI = measure of the structural diversity of a forest stand, based =~ More stand diversity, more food and
on tree densities in different DBH classes rest site resources
SDI = Reineke's stand diversity index
Resource TOPO_POS -453- Topographic position index at site calculated from DEM and Lower topographic position, more
685 Raster::terrain food resources
Buffer sizes tested: 0, 0.5, 1.0 km
Resource D.WATER*? 0-1,507 m Euclidean distance from nearest waterbody or perennial stream Closer to water, more food
using rgeos::gDistance resources
Transformations: linear, log
Resource LANDSAT VEG 0-5,340 Landsat8 reflectance bands: 2 (blue), 3 (green), 4 (red), 5 (near- Greener areas and more moist areas,

infrared), 6 (Shortwave infrared 2), 7 (Shortwave infrared 2)

more food resources
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Resource STAND AGE? 1-5,486  Years Basal area weighted stand age based on field recorded or Older stand, more coarse woody
modeled ages of dominant/codominant trees debris for potential rest sites
Resource SNAG? 1- trees/ha  STPH = Density of snags >= 25 cm DBH and >=2 m tall More snags, more potential rest sites
257,697 SBPH, SVPH
Thermal ELEVATION? 368- m Elevation Higher elevation sites, lower
tolerance 1,590 Transformations: linear, quadratic, log ambient temperature and more snow
precipitation
Thermal BASAL AREA SP? 0-2,609 m?%ha Basal area of Abies amabilis (ABAM), Acer macrophyllum More ABAM, lower temperatures
tolerance (ACMA), Pseudotsuga menziesii (PSME), Tsuga heterophylla and more persistent snow
(TSHE) More ACMA, more riparian area
Thermal BASAL_AREA TYPE? 0- m?/ha Basal area of live trees, conifers, or hardwoods > 2.5 cm DBH Larger trees provide more insulation
tolerance 12,004 for rest sites
Thermal ASPECT 0-6.28  Radians Aspect at site calculated from DEM and Raster::terrain South-facing slopes get more sun
tolerance northness = COS(Aspect); eastness = SIN(Aspect) exposure
Sources:

1. USDA Forest Service

2. GNN structure: https://lemma.forestry.oregonstate.edu/
3. LiDAR

4. National Hydrography Dataset

5. Oregon Explorer, https://spatialdata.oregonexplorer.info/geoportal/

6. Landsat 8; https://earthexplorer.usgs.gov/
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Table 3.2. Mean + 95% confidence intervals of western spotted skunk (Spilogale
gracilis) home ranges (95% utilization distributions) and core areas (50% utilization
distributions) estimated using continuous time movement models in the Willamette
National Forest, Oregon during August 2017 — August 2019.

Group Core area (km?) Home range (km?)
Female 252(1.55-3.83)  10.93 (6.63 — 16.86)
Male (small) 3.55 (2.68 —4.60) 16.38 (12.83 —20.49)
Male (large)  6.81 (6.00 — 7.69)  35.83 (31.52 — 40.40)
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Table 3.3. Mean and 95% confidence intervals of home range overlap between
western spotted skunk (Spilogale gracilis) estimated using continuous time
movement models and the Bhattacharyya coefficient. Values range between 0 and 1,
where 0 indicates no shared areas and 1 indicates identical distributions of 95%
utilization distributions.

Dyad Home range overlap
Female-Female 0.78 (0.67 — 0.86)
Male-Female 0.76 (0.61 — 0.89)
Male-Male 0.83 (0.65 —0.94)
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Figure 3.1. Study area and western spotted skunk (Spilogale gracilis) home range
centroids for females (pink circles) and males (blue circles). White areas indicate
previously logged stands. Trail camera locations shown as black circles. Thick grey
lines represent watershed boundaries.
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Figure 3.2. Flowchart for construction of global parameter models for each
parameter initial occupancy (y), colonization (y), and extinction (¢) in multi-season
occupancy model.
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Figure 3.3. Comparison of mean home range sizes and mean body mass of
mammalian carnivores in North America. Lines represent standard error or range of
values presented in study. Values from Crooks and Van Vuren 1995, Lisgo 1999,
Carroll 2000, Doty 2003, Gehring and Swihart 2004, Jachowski 2007, Jones et al.
2008, Lesmeister et al. 2009, Dawson et al. 2010, Inman et al. 2012, Linnell et al.
2017, 2018, Mastro et al. 2019, Orning 2019, Martin et al. 2021, Schmidt et al. 2023.
Values from this study in black. Note mass and home range size axes are on log10
scale.
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Figure 3.4. (A) Changes in seasonal home range size estimates and (B) fidelity of
home ranges across seasons (spring: February — May, summer: June — September,
fall: October — January) of western spotted skunks. Point size in panel A represents
body mass size of skunk. Points connected with lines represent the same animal.
Panels represent female western spotted skunks (F1), male western spotted skunks
with large home ranges (M1), and male spotted skunks with small home ranges (M2).
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Figure 3.5. Marginal plots for detection (p), initial occupancy (), colonization (y), and extinction (€) from multi-season occupancy
models of western spotted skunks in the Oregon Cascades from 2017-2019.
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Figure 3.6. Predicted seasonal occupancy + SE of western spotted skunks in the
Willamette National Forest for each season during 2017-2019. Dashed line represents
linear regression fit to seasonal occupancy.
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Figure 3.7. Predicted marginal plots for home range level resource selection by western spotted skunks (Spilogale gracilis) in the
Oregon Cascades from 2017-2019.
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Abstract

Estimating population densities of unmarked animals continues to be a
challenge for ecologists. Statistical approaches for calculating density estimates of
animal populations have proliferated, but empirical tests on these methods are
necessary to show whether these methods are widely applicable. When applying
statistical models to empirical data, model assumptions are often violated, especially
when using unmarked animal data. Here, we provide a robust analysis at 8
independent sites of 3 small mammal species (deer mouse [ Peromyscus maniculatus],
Townsend’s chipmunk [ Neotamias townsendii], and Humboldt’s flying squirrel
[Glaucomys oregonensis]) with varying life-history traits to thoroughly test a suite of
unmarked models (average encounter rates, N-mixture models, time-to-event and
space-to-event models, and unmarked spatial capture-recapture models) against
multiple marked models (minimum number known alive, Huggins models, and spatial
capture-recapture models). All marked models produced density estimates that were
positively correlated with one another. Although average encounter rates were the
simplest unmarked models we applied to the data, they consistently yielded positively
correlated density estimates to spatial capture-recapture density estimates for all 3
small mammal species. In addition, unmarked models generally yielded positively
correlated density estimates for chipmunks, but yielded negatively correlated or
uncorrelated density estimates for deer mice and flying squirrels. We illustrate that
unmarked population estimation models can produce accurate density estimates for
species of intermediate density using a sampling scheme that fits the natural history
of the species, but not for species with low or high densities. These comparisons
provide insight into understanding why a method may or may not produce reliable

density estimates under applied conditions where not all assumptions can be met.

Introduction

Animal abundance and population density are fundamental state variables in
ecology, conservation, and management, but accurate and precise density estimates
are challenging to obtain. Small mammal populations are among the most monitored

taxa, in part because of their short generation times and because they are amenable to
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mark-recapture live-trapping. Moreover, variation in small mammal abundance can
influence a myriad of ecosystem processes such as herbivory (Gedan et al. 2009),
seed and fungal spore dispersal (Maser et al. 1978), parasite abundance and disease
risk (Ostfeld et al. 2006), or nest predation rates (Schmidt et al. 2001), and can
determine the distributions of predatory species because of their value as nutritional
resources (Erlinge 1975, Angelstam et al. 1984, Reichel 1991, Forsman et al. 2004,
Karanth et al. 2004). Small mammal communities and even some individual species
are effective indicators of ecological processes including disturbance and resource
abundance (Avenant and Cavallini 2007, Leis et al. 2008, Blois et al. 2010, Rowe et
al. 2011). Thus, some small mammal populations have been monitored for many
years and have provided valuable insights into drivers of abundance fluctuations and
fundamental ecosystem processes leading to valuable development of population
ecology theory (Hansen et al. 1999, Boonstra and Krebs 2012, Krebs et al. 2014).

Linkages between small mammal populations and environmental variables
allow for understanding broad-scale ecological patterns and ecosystem processes.
Small mammal studies historically have relied heavily on mark-recapture methods
that are invasive (Delehanty and Boonstra 2009, Bosson et al. 2012), time-intensive,
and expensive, which in turn have limited the spatial and temporal extent of
inference. Developing a reliable, cost-effective, and non-invasive method to quantify
abundance of small mammal populations would facilitate replicated estimates in time
and space; small mammal density then could be projected at landscape scales and
related to environmental covariates. This would open new avenues of inquiry such as
testing the long-term relationships between base and higher trophic levels of
terrestrial food webs (Jedrzejewski et al. 1995), predicting disease risk where small
mammals are key reservoir hosts for pathogens, or predicting plant and fungus
community dynamics where colonization probabilities depend on small mammal
abundance.

Camera trapping is a potentially cost-effective and noninvasive alternative
method to estimate small mammal abundance. Camera traps can operate
continuously, can be left untended for multiple days to weeks at a time, and reduce

stress to and mortality of target species from capture and handling. In addition,
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camera trapping can lead to a greater understanding of target and non-target species
distributions, activity patterns, and other behaviors because likelihoods of detecting
cryptic or trap-shy species, multiple individuals per trap per night, and multiple
species per trap per night are higher (Karanth and Nichols 1998, Tobler et al. 2008).
Thus, camera trapping has become a popular, efficient, cost-effective method for
monitoring many wildlife populations (Rowcliffe and Carbone 2008, Burton et al.
2015), but has been an underutilized tool for monitoring small mammals (Cutler and
Swann 1999) that is gaining popularity (McCleery et al. 2014, Villette et al. 2016,
2017, Parsons et al. 2021).

Estimating densities of small mammals with camera traps is challenging,
however, because most individuals are not individually identifiable in photos, which
is a prerequisite for mark-recapture approaches. Previous statistical methods, such as
capture mark recapture and spatial capture recapture (SCR) or spatial mark resight
(Chandler and Royle 2013), rely on individual identification, which allow researchers
to account for imperfect detection, estimate home range size, and estimate variability
of these parameters. Nevertheless, advances in statistical modeling have made it
possible to estimate the abundance of unmarked populations. In lieu of individual
marks, unmarked models make assumptions about independence between sites,
geographic closure, and animal movement (e.g., random movement patterns around
an activity center), or use auxiliary information (e.g., movement rate, area of
detection) to inform estimation of density or abundance. Currently favored models for
estimating density of unmarked populations include spatial count (SC; also known as
unmarked SCR; Chandler and Royle 2013), time-to-event (TTE) and space-to-event
(STE) (Moeller et al. 2018), and random encounter models (REM; Rowcliffe et al.
2008), while N-mixture models, which are still widely used, estimate abundance
instead of density (Royle 2004). These models were developed to estimate abundance
of various species, such as lions (Panthera leo), black bears (Ursus americanus), and
fisher (Pekania pennanti) and other carnivores (spatial count models; Kane et al.
2015, Jiménez et al. 2017, Burgar et al. 2018), elk (TTE and STE models; Moeller et
al. 2018), and breeding birds (N-mixture models; Kéry et al. 2005, Kéry 2018). Yet,
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even in large-bodied vertebrates, robust tests of model efficacy are rarely conducted
(but see Villette et al. 2017, Parsons et al. 2021, Ruprecht et al. 2021).

Robust validation of unmarked models is critical because their assumptions
may be challenging to meet in real-world applications (see Gilbert et al. 2021). For
example, N-mixture models require that individuals not be double counted or detected
at multiple sites (Keever et al. 2017) and the probability of detecting an individual in
the population (i.e., detection probability) must be > 0.5 (Dénes et al. 2015, Duarte et
al. 2018) for accurate abundance estimates. Spatial count models reverse the
assumption of N-mixture models and instead require detections of each individual at
multiple sites (Chandler and Royle 2013). TTE, STE, and random encounter models,
which were developed specifically for camera trap data, rely on the assumption that
encounter rates increase with abundance. Since detection rate, however, depends on
abundance and movement rate of the animal, TTE and random encounter models
assume that animals move randomly (i.e., cameras are not baited, animals are not
aggregated, and animals do not exhibit high fidelity to particular movement paths)
and require an approximation of the animal’s movement rate through the camera
viewshed. STE models, on the other hand, substitute space for time and do not require
movement rate estimations, but require synchronous time lapse photos at multiple
locations (Moeller et al. 2018).

While past simulations suggest that density estimation for unmarked small
mammal populations is feasible (Moeller et al. 2018, Loonam et al. 20215), these
methods require robust empirical testing because of challenges in meeting model
assumptions. To meet these assumptions, crucial decisions must be made about study
design (e.g., duration, use of bait, camera spacing, and how to define a detection)
given that many non-invasive methods including camera trapping continuously record
data (Gilbert et al. 2021). Another critical consideration when animals are not
uniquely identifiable is accounting for multiple detections of the same species at the
same site. These could be the same individual, multiple individuals, or simultaneous
detections of multiple animals that could be treated as a single detection or separate
detections. Depending on these decisions and any violations of assumptions,

estimates from the models could differ sharply (Parsons et al. 2021) and the
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interpretation can change, such as whether estimates can be treated as absolute
abundances or indices of relative abundance. Further, many of these decisions should
depend on the life history of the focal species (Gilbert et al. 2021, Parsons et al.
2021).

Here, we test the efficacy of camera traps for estimating small mammal
abundance. We compared abundance and density estimates using a suite of unmarked
and marked methods for deer mice (Peromyscus maniculatus, hereafter mice),
Townsend’s chipmunks (Neotamias townsendii, hereafter chipmunks), and
Humboldt’s flying squirrels (Glaucomys oregonensis, hereafter flying squirrels) on
small-mammal trapping grids at 8 separate sites in old-growth coniferous forest
within the Oregon Cascades. We estimated small mammal densities on live-trapping
grids using SCR, which we used as the standard for testing unmarked models using
camera trap data. We first compared SCR density estimates with those obtained by
minimum number known alive, traditional Huggins capture-recapture abundance
estimators, and unmarked spatial count models to inform 1) the variability in
estimates when applying different methods to live-trapping data, 2) to inform the
transition from close-capture-recapture models to SCR models, which have rarely
been implemented in small mammal trapping studies despite widespread use in other
taxa (but see Gerber and Parmenter 2015). We compared SCR density estimate from
live-capture data with average detection rates from camera traps (a relative abundance
estimator), abundance estimators using N-mixture models, and unmarked density
estimators using time-to-event models, space-to-event models, and spatial count
models. In each case, we assessed whether the correlation in live-capture and camera-
based estimates could be improved by varying both the duration of monitoring (1 — 8
days) and the definition of an ‘encounter’ by treating each photo as a unique
encounter (t = 0 min.) to defining encounters based on increasingly longer time

windows between detections (up to t = 1440 min.).
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Methods

Study area

We conducted this study at the H. J. Andrews Experimental Forest (HJA),
which is located on the western slope of the Cascade Mountains near Blue River,
Oregon (Figure 4.1). Elevations range from 410 m to 1,630 m. The maritime climate
is typical of the Pacific Northwest region and consists of warm, dry summers and
mild, wet winters. Mean monthly temperatures range from 1°C in January to 18°C in
July. Precipitation falls primarily as rain, is concentrated from November through
March, and averages 230 cm at lower elevations and 355 cm at higher elevations
(Greenland 1993, Swanson and Jones 2002). Lower elevation forests are dominated
by Douglas-fir (Pseudotsuga menziesii), western hemlock (7suga heterophylla), and
western red cedar (Thuja plicata). Upper elevation forests are dominated by noble fir
(Abies procera), Pacific silver fir (4bies amabilis), Douglas-fir, and western hemlock.
The HJA consists largely of old, relatively undisturbed temperate forest (Cissel et al.
1999). Other than timber logging, wildfires are the primary disturbance. Mean fire
return interval of partial or complete stand-replacing fires for this area is 166 years
and ranges from 20 years to 400 years (Teensma 1987, Morrison and Swanson 1990).
Population dynamics of 4 small mammal species (Humboldt’s flying squirrel,
Townsend’s chipmunk, western red-backed voles (Myodes californicus), and deer
mice) have been studied in old-growth stands at the HJA as part of a long-term study
since 2011 (Weldy et al. 2019).
Live trapping

Live trapping occurred at 9 sites (Figure 4.1A) from September to November
2017 according to methods developed for the long-term northern spotted owl prey
study (Weldy 2018, Weldy et al. 2019). Sites were chosen to reflect the elevational
gradient at the HJA and differed in canopy openness. At each site, we placed 2
Tomahawk traps (201 size; 15.2 cm x 15.2 cm x 48.3 cm; Tomahawk Live Trap,
Wisconsin, USA) at 64 stations, arranged in an 8 x 8 grid and spaced 40 m apart. We
placed one Tomahawk trap on the ground and secured the other Tomahawk trap 1.5
m from the ground on the nearest tree. We placed an additional 100 Sherman traps

(LFATDG model; H. B. Sherman Traps, Florida, USA) arranged in a 10 x 10 grid,



121

spaced 10 m apart (Figure 4.1B). Each Tomahawk grid was trapped for 2 weeks and
each Sherman grid was trapped for 1 week (Figure 4.1C). All traps were pre-baited
for 12 days prior to trapping and were baited with a mix of peanut butter, oats,
sunflower seeds, molasses, and mealworms. Traps were active for 4 consecutive
nights per week and checked in the morning, starting at 0700. Due to snow, low
temperatures, and disturbance by non-target species, traps at some grids were closed
early (Figure S4.1). During the initial capture, individuals were uniquely marked with
an ear tag (Model #1005-1, National Band and Tag Co., Newport, KY, USA). To
maintain similar probabilities of capture between live traps, we only analyzed live-
capture data from Sherman traps for mice and live-capture data from Tomahawk traps
for chipmunks and flying squirrels. All small mammal capture and handling protocols
were approved by the Oregon State University Animal Care and Use Committee

(Protocol #4959).

Camera trapping

We conducted camera trapping from September to November 2017 at 8 of the
9 live-trapping sites within 2 weeks of live trapping to maximize the likelihood of
sampling the same population. At each Tomahawk trap station, we placed remote
cameras (TrophyCam models 119676, 119774, 119776, 119836, 119876, Bushnell,
Overland Park, KS or Dark Ops BTC-6, Browning, Morgan, UT) approximately 1.5
m away from the bait and 15-20 cm above the ground. We placed an additional 16
cameras (Dark Ops BTC-6, Browning, Morgan, UT) at Sherman trap locations to
create a 5 x 5 grid nested within the Tomahawk grid (Figure 4.1). Similar to live-
trapping methods, each camera was baited with a mixture of peanut butter, oats,
sunflower seeds, strawberry jam, and commercial rabbit food placed within a nylon
mesh bag. Bait bags were secured to the ground using garden stakes. We placed a
scale bar (1 cm — 5 cm) next to each bait bag to aid in identifying species. We
programmed cameras to take 1 photo with a I-minute time delay between photos to
minimize excessive photos of the same individual. Cameras were deployed for at
least 7 consecutive nights (De Bondi et al. 2010). To minimize false triggering and
ensure unobstructed photos of the animals, we cleared vegetation from the camera's

field of view.
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We extracted metadata from photos using the exifr package in Program R (R
Development Core Team 2014). Where possible, we identified animals in photos to
species using characteristics such as body shape, head shape, ear morphology, tail

length, and size to distinguish between species (Verts and Carraway 1998).

Data analysis

We formatted all data and conducted all analyses in Program R version 3.6.1 (R Core
Team 2019). All data for spatial capture-recapture and spatial count models were
formatted using the data2oscr function in the oSCR package (Sutherland et al. 2019).
We implemented models in either a maximum likelihood or Bayesian framework. For
the Bayesian framework, we ran models using the packages jagsUI (Kellner 2019) or
nimble (de Valpine et al. 2021) and used Markov Chain Monte Carlo (MCMC) to
draw samples from the posterior distribution for the parameters of interest. We
assessed MCMC convergence by visually inspecting trace plots for each monitored
parameter and R statistics < 1.1 (Gelman and Rubin 1992). We report the posterior

mean, mode, standard deviation, and 95% credible interval (CRI).

Density estimation with marked models

Using the capture-mark-recapture data, we calculated abundance and density
estimates for each grid using (1) minimum number known alive (MNKA), (2)
Huggins closed population mark-recapture models (Huggins 1989, White and
Burnham 1999), and (3) SCR models in a Bayesian framework (Royle et al. 2014)
(Figure 4.2). We analyzed the capture-recapture data with multiple methods to ensure
consistency of estimates and to serve as a baseline for variability in estimates to

compare to those of the unmarked models.

Minimum number known alive and Huggins models (non-spatial models)

We calculated MNKA by tabulating the number of individuals that were
captured and uniquely marked. Using Huggins closed population mark-recapture
models in Program MARK (White and Burnham 1999), we estimated abundances and
95% confidence intervals of target species for each grid using a null model, where we
held capture probabilities (p) and recapture probabilities (c¢) constant (Huggins 1989,

White and Burnham 1999). The parameters p and ¢ are computed based on encounter
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histories for each captured individual. Since we calculated species abundance based
on the null model, abundance (N) can be calculated as:
MNKA
N = -
p

where p* is the probability that an individual is captured at least once during the

trapping season.

Converting from abundance to density using these models requires an ad hoc
decision about the size of buffer to use around the trap locations to calculate the area
over which animals were trapped. This arbitrary decision can critically influence the
absolute density estimates and must be well defined to infer biological meaning to the
derived estimates (Karanth and Nichols 1998, Efford 2004). To calculate density, we
divided the abundance estimate by an area consisting of the trap locations (Sherman
trap grid for mice and Tomahawk grid for chipmunks and flying squirrels) buffered
by the mean maximum distance moved (MMDM) and /2 MMDM, as is traditionally
calculated to account for the geographic closure assumption. The MMDM was 24.1 m

for mice, 86.6 m for chipmunks, and 87.2 m for flying squirrels.

Spatial capture recapture models

We implemented SCR models to estimate spatially explicit densities using
spatially referenced individual detections (Royle et al. 2014). These models differ
from the MNKA and Huggins models in that these models estimate spatially explicit
densities from spatially referenced detections. Each spatially referenced detection is
used to calculate a latent activity center (s;) for each individual animal (7) and a
probability of detection (L) that decreases monotonically with Euclidean distance
from the individual activity center by a scaling parameter (o). For this approach, we
used a half-normal function to describe the decrease in probability of detection. Thus,

detection of an individual at a trap () is a function of the Euclidean distance of the

trap from an individual’s activity center (d), 1; ; = ¢ * e_(%)zd(si‘xf)z, where xj is

the location of trap j and Ao is the baseline encounter probability (i.e., the expected

rate of detection of an individual given the trap is at the individual’s activity center).
We used data augmentation to estimate the number of individuals that were

present in the state-space, S, during the sampling session but were not detected during
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the study (Royle et al. 2007, Royle and Young 2008). We assigned all augmented
individuals with encounter histories consisting of zeros, since individuals were not
detected during the sampling period, and used an indicator variable (z;) to determine
whether an augmented individual was a real unobserved individual (z; = 1) or not part
of the population (z; = 0; i.e., a structural zero). The indicator variable was modeled as
a Bernoulli trial with a probability parameter (y) characterizing all trials,
z;~Bernoulli(y) fori = 1,2, ... M, where M is the total number of detected
individuals and the number of individuals with all zero-encounter histories that were
not detected during sampling. We used a Poisson random variable to model encounter
histories of each individual at each trap, y;;, to allow for multiple detections,

Yi,j ~ Poisson(4;; X z; X K), where K is the number of sampling occasions. The
total population size (N) over S is then determined by summing all z;, N = Y™, z,,

and density (D) is calculated by dividing the population size by the area of the state
space (4), so that D = N/A. We note that the Poisson distribution may not be ideal
because counts of detection of each individual is bounded by K occasions since
individuals can only be caught at most 1 time during each occasion and only up to 2
individuals can be captured at each trap location (since there are 2 Tomahawk traps at
each location). Simulations have indicated, however, that ‘single-catch’ traps can
estimate animal densities when trap saturation is moderate (< 86%) even when
animals are spatially clustered (Efford et al. 2009).

We used three SCR approaches (Figure 4.2) to estimate densities of mice,
chipmunks, and flying squirrels using spatially referenced individual detections
(Royle et al. 2014) (code provided in Appendix A). For the first approach (SCRsep),
we fit a single SCR model to each site for each species separately (i.e., all sites have
distinct estimates for parameters ¢ and Ao). For the second approach (SCRpool), we fit
the same model to data from all sites for each species but used site as a grouping
factor to share data for fitting the detection function (i.e., all sites share the same
estimates for parameters ¢ and Ao; multi-strata model). Sharing data in this way is
expected to improve the precision of estimates (Morin et al. 2018). For the third
approach (SCRrandom), we added a level of hierarchy to the multi-strata approach so

that the logarithm of parameters ¢ and Ao for each site are normally distributed with
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hyperparameters, X and Ao (i.e., o and Ao are allowed to vary among sites but arise
from a common distribution and thus are pulled toward the group mean). We used the
logarithm of parameters to restrict them to non-negative values. This design allows
the model to borrow data from other sites to inform site-specific estimates and allows
individuals in more densely populated sites to have more restricted home range sizes
with smaller ¢ values and larger Ao values.

For SCR models, we estimated the number of individuals in the state space ()
that encompassed all traps within a buffer 5 times the mean maximum distance
moved (MMDM), set the maximum number of possible individuals within S for each
site (M) to 10 times the MNKA, and accounted for occasions when traps were non-
operational due to weather limitations (Table S1). All SCR models were run in a
Bayesian framework in the jagsUI package (Kellner 2019). For each model, we ran 3
chains consisting of 500 iterations for adaptation and 2,500 iterations per chain,

where the first 500 iterations were discarded as burn in.

Density estimation with unmarked models

Using camera trap data, we investigated the utility of unmarked models and
the effects of the length of encounter window used by repeating analyses with
different encounter window lengths (1, 15, 60, 1440 min.). The shortest encounter
window (1 min.) treated all photos as separate encounters. Longer encounter windows
consolidated multiple photos of the same species (presumably the same animal) into
one encounter that occurred for a longer duration. We treated 24-hour intervals as
occasions. For nocturnal species (mice and flying squirrels), we counted “days”

starting at dusk following bait placement instead of the calendar days.

Average encounter rate

We calculated a simple index of abundance by computing the average number
of encounters per camera. This index is also directly proportional to estimates from
the random encounter model (Rowcliffe et al. 2008), which simply scales the average
number of encounters by a constant that depends on the size of camera viewsheds and
the average movement speed of the animal. In addition to exploring the effects of the
length of encounter window, we also explored the effect of the number of days

cameras were operational on abundance estimates since we expected the number of
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detections to decrease because bait was not replaced daily. This method provides
information about the relative abundance of each species and a ranking of each grid
from lowest to highest abundance by assuming that higher encounter rates result from
higher abundance. One of the advantages to this method is that it requires little
computational power, no estimation of movement speed, and only assumes that

encounters increase with increasing population density.

N-mixture models

Unlike the simple index of abundance, N-mixture models (Royle 2004)
incorporate variability in detection probabilities. These models leverage variation in
repeated counts at a given site to estimate species abundance over a larger unknown
area (Kéry and Royle 2020). Similar to other models, N-mixture models assume
population closure and equal detection probability for all individuals in the
population, but also require that individuals are not double counted and detections of
individuals at each camera are independent (Royle and Nichols 2003, Royle 2004).
Cameras can be baited, but N-mixture models are sensitive to assumption violations,
so unless assumptions can be verified, estimates should be treated as indices of
relative abundance (Duarte et al. 2018, Gilbert et al. 2021).

To implement N-mixture models for each species at each site, we summarized
our camera data as a count of encounters (Cj,) at trap j on day ¢ on cameras placed on
the Sherman grid (ncamera = 25) for mice and Tomahawk grid (ncamera = 64) for
chipmunks and flying squirrels. We treated each camera station as a replicate and
modeled counts of encounter as binomial random variables, C;; ~ binomial(N;, p),
where p is the probability of detecting an individual, and N is the true abundance of
the species at trap j. We modeled the unobserved abundance N for each trap j as a
Poisson random variable: N; ~ Poisson(A), where A is the underlying population
density (code provided in Appendix B). Because encounters decreased over time
(Figure S4.7), most likely due to a declining amount of bait, and because we used
spatial replication instead of temporal replication, we modeled the probability of
detection, p, in three ways: first, a single value of p per site per species (Npase),
second, a different p per trap (Npstation) to account for heterogeneity in detection by

trap location due to heterogeneity in vegetation structure, camera trap set up, or
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camera trap model, and third, an exponentially decaying p by day with a different
intercept per trap location (Npdecay) to account for decreasing detection over time. We
fit N-mixture models in a Bayesian framework using the jagsUI package (Kellner
2019). For each model, we ran 3 chains consisting of 20,000 iterations for adaptation
and 20,000 iterations per chain with a thinning rate of 5, where the first 10,000
iterations were discarded as burn in. Finally, we converted abundance to density
estimates using the same method as we used for converting MNKA and Huggins by

dividing the abundance by the area of the trapping grid buffered by /2 MMDM.
Time-to-event (TTE) and space-to-event (STE) models

TTE and STE models use the time until the first detection of an animal and
the amount of area that must be surveyed until the first detection of an animal,
respectively, to estimate population density (Moeller et al. 2018). At higher
population densities, it is assumed that encounter rates are also higher, reducing the
amount of time between encounters. TTE models take advantage of the continuous
property of camera trap data and model abundance based on the relationships defined
by a Poisson process between the Poisson and exponential distributions. Thus, in
these models, N;j, ~ Poisson(A) and T ~ Exponential(A), where Ny is the number
of animals in view at camera 7, on occasion j and period %, 7 is the interval between
detections, and A is the average number of animals in view at a camera. TTE models
assume that camera trap encounter rate increases as abundance increases, that animal
detections are independent in both space and time (i.e., once detected, animals will be
less likely to be detected on a neighboring camera and animal will not linger in front
of a camera), and that detection is perfect (i.e., if an animal walks in front of the
camera, it will be detected) (Gilbert et al. 2021). TTE models, however, rely on
estimates of animal movement rate, which can be difficult to obtain. STE models
collapse sampling intervals into an instant in time using time-lapse photos, which
helps meet the assumption of perfect detection, and model the interval of space, S,
between detections as an exponential distribution, S ~ Exponential(7).

To implement both TTE and STE models, we followed protocols designed by
Moeller et al. (2018). Since TTE and STE models specify that animals should not be

attracted or repelled from sampling locations, we only analyzed camera trap data
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from days 4-9. By day 4, detections of each species leveled off, indicating that all bait
had been consumed and animals were no longer attracted to it (Figure S4.7). We
started sampling occasions at sunrise for diurnal species (chipmunk) and at sunset for
nocturnal species (mice and flying squirrels). Sunrise and sunset times were obtained
from the NOAA Solar Calculator (https://www.esrl.noaa.gov/gmd/grad/solcalc/). We
calculated visible camera area based on manufacturer specifications of detection
angles (44 degrees for Bushnell Aggressor) and a maximum detection distance of 5 m
(approximated from how we positioned our cameras).

For TTE models, we defined the sampling period length as 16 hours (number
of night-time hours), sampling frequency (time between each sampling occasion) as
24 hours (each day is a different occasion), and species speed as mean maximum
distance moved derived from SCRai models. We chose this value for an hourly speed
because small mammals make quick, short distance movements centered around the
core area, opposed to long distance movements (Opps et al. 2020). Thus, we assumed
that the distance between detections would be similar to distance covered over 1 hour.
If no animals were detected during a given sampling occasion, the occasion was
represented as NA.

To imitate time-lapse photo data for STE models, we evaluated detections of
each species at each camera on the hour (i.e., sampling frequency = 1 hour) and for
sampling period lengths of 1, 5, 15, 30, and 60 minutes. In other words, a sampling
period length of 1 minute is more representative of time-lapse photos, but longer
sampling period lengths could help meet the assumption of perfect detection because
if an animal is present, it is more likely to move into the view of the camera with
more time. We removed any sampling occasions when species were not expected to
be active (i.e., if a species was diurnal, we removed occasions during the night). If no
animals were detected during a given sampling occasion, the occasion was
represented as NA.

Spatial count models (unmarked SCR)

We ran spatial count (SC) models on both capture-recapture data and camera
trap data. First, we tested if unmarked models could recover SCR estimates of

abundance from the capture-mark-recapture data by withholding the identity of the
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captured individuals and calculated density estimates using spatial count (SC) models
in a Bayesian framework (Chandler and Royle 2013). By running SC models on
capture-recapture data, we tested whether differences in density estimates were the
consequences of the model applied or due to the difference in the data type (live-traps
vs. camera traps) and associated differences in detection probability. SC models are
similar to SCR models in that they explicitly incorporate spatial information about
detections and probability of encounter decreases as a function of Euclidean distance
from an individual’s activity center, but they do not require the identity of
individuals, just spatially correlated count data (Chandler and Royle 2013). Density
estimates in SC models are inferred by assuming latent encounter histories (y;,) for
individual 7 at trap j. Unlike in the SCR model, encounter histories are aggregated

across all individuals at the trap level and modeled as a Poisson random variable,

Nj~ Poisson (Aj * K ), where N; represents the number of individuals detected at trap

LA = A M, e_(%)zd(si’xf )’ and represents the probability of the number of
detections in a fixed period and location of trap j, and K represents the number of
sampling occasions.

We implemented four SC models for capture-recapture data (code provided in
Appendix B): first, we estimated density of each species and each site separately with
non-informative priors for ¢ and Ao (SCcr, noinfo, sep); second, we built on the SCcr,
noinfo, sep model by adding site as a grouping factor to share data for fitting the
detection function for parameters ¢ and Ao (SCcr, noinfo, pool); third, we built on the
SCcr, noinfo, sep model by incorporating parameter estimates for ¢ and A that were
derived from SCRrandom models as informative priors (SCcriinfosep); finally, for the
fourth model, we built on the SCcrinfo,sep model by adding site as a grouping factor
(SCcRriinfo,poot)- All SC count models using capture-recapture data were run in a
Bayesian framework in the nimble package (de Valpine et al. 2021). For each model,
we ran 3 chains consisting of 2,500 iterations for adaptation and 10,000 iterations per
chain, where the first 2,500 iterations were discarded as burn in. If SC models failed
to converge after we augmented models with 2,000 individuals, we concluded that
these models did not converge because of limitations with computing memory,

computing duration, and computing power.
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We implemented SC models for camera trap data using the same structure as
the SC models for capture-recapture data. First, we estimated density of each species
and each site separately with non-informative priors (SCcam,noinfo,sep); S€cond, we built
on the SCecam,noinfo,sep Model by adding site as a grouping factor (SCcam,noinfo,pool); third,
we built on the SCcam,noinfo,sep model by incorporating parameter estimates for ¢ and Ao
that were derived from SCRrandom models as informative priors (SCcam,info,sep); finally,
for the fourth model, we built on the SCcam,info,sep model by adding site as a grouping

factor (Sccam,info,pool) .

Evaluation of model performance and model comparison

We evaluated the performance of models by comparing the density estimates
of each species at each site (number of animals per ha), when possible. It was not
possible, however, to convert output of all models to density estimates for metrics
that had no spatial component such as average encounter rates which are indices of
relative abundance.

To evaluate the performance of marked and unmarked models and their ability
to estimate density of each species across all sites, we plotted model density estimates
against density estimates derived from SCRrandom models and fitted linear regressions
to each model (SCRrandom density estimates ~ model density estimates). We extracted
the slope, R? value, and root mean square error (RMSE) from those linear regressions
to characterize the ability of the models to recover absolute density estimates. We
also regressed scaled and centered (mean = 0, standard deviation = 1) density
estimates from models against scaled and centered density estimates derived from
SCRiandom models and used the same metrics as above to compare model
performance. These comparisons between scaled and centered values allowed us to
characterize the ability of the models to recover relative density estimates instead of
the ability of models to recover absolute density estimates.

The slopes from these linear regressions indicated how well models were able
to differentiate sites with low density from sites with high density. Positive slopes
(95% confidence interval > 0, p < 0.05) indicated that the models were able to
differentiate the true relative density of the sites, whereas slopes overlapping 0

indicated that models were not able to differentiate densities of the sites (95%
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confidence interval overlapped 0, p > 0.05), and negative slopes (95% confidence
interval <0, p <0.05) indicated that models estimated high density for those with low
SCRiandom density and vice versa. A slope of 1 for linear regressions between absolute
density estimates represents a special and ideal case where model estimates are
perfectly aligned with SCRrandom density estimates. Again, comparisons between
centered and scaled estimates allowed us to compare relative performance of models
across different methods. Slope in these linear regressions therefore represented the
relationship between 1 SD of unmarked density estimates and 1 SD of SCRandom
density estimates.

Finally, the R? values and RMSE of different models characterized deviations
from the SCRrandom estimates and goodness-of-fit of the linear regression to the data.
R? values range from 0 to 1, where a value of 1 indicates a perfect fit. RMSE values
range from 0 to infinity, where values of 0 indicate a perfect fit (ideal model
performance) and larger values indicate larger deviations from values predicted by a
linear trendline. We used SCRrandom as the standard to compare the unmarked models
because it incorporates the greatest information available (i.e., encounter histories and
spatial distribution of animals) for each species in each site. We compared the
performance of marked and unmarked models for each species based on these 3
metrics: slope, R? value, and RMSE. We considered models with positive slopes, high
R? values, and low RMSE to perform better than those with negative slopes, low R?

values, and high RMSE.

Results

Capture-recapture data analyses

Estimates of abundance from the SCRandom models (multi-strata SCR model
with hyperparameters for ¢ and Ao) ranged from 66 — 316 individuals per grid for
mice, 88 — 449 individuals per grid for chipmunks, and 64 — 169 individuals per grid
for flying squirrels. This corresponded to density estimates (individuals/ha) that
ranged from 13.12 — 62.84 for mice, 1.68 — 8.59 for chipmunks, and 1.14 — 3.02 for
flying squirrels (Figure 4.3, Table S4.2). The posterior distributions of SCRrandom
models revealed that there were 3 distinct density (non-overlapping 95% CRI)
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estimates of mice, 4 distinct density estimates of chipmunks, but only 2 distinct
density estimates of flying squirrels (Figure 4.3, Table S4.3) based on posterior
overlap < 0.05. The MMDM =+ SD across all grids was 24.80 + 4.53 m for mice,
78.24 £ 8.58 m for chipmunks, and 85.62 = 9.64 m for flying squirrels (Figure S4.4).

All models examining the capture-recapture data that incorporated individual
identification were able to differentiate between sites with low densities from those
with high densities: all models for mice, chipmunks, and flying squirrels had positive
slopes (range = 0.92 — 1.68), high R? values (range = 0.50 — 1.00), and relatively low
root mean squared error (range = 0 — 0.49 and 10.47 for MNKA for mice) when
compared to SCRrandom density estimates (Figure 4.4). When values were scaled and
centered, all slopes for regressions overlapped 1 for all 3 species and RMSE ranged
from 0 to 0.61 (Figure 4.4). Unsurprisingly, MNKA and Huggins estimates
underestimated the SCRrandom density (slopes > 1), and calculating density for sites
separately (SCRscp) increased fit (higher R? and lower RMSE values) whereas pooling
data across sites (SCRpool) increased variance (lower R? and higher RMSE values)

Absolute density estimates were of similar magnitude between Huggins
models and SCRandom regardless of the buffer size (2 MMDM or MMDM) (Figure
S4.5). Confidence intervals and credible intervals of density estimates from Huggins
and SCRrandom models, respectively, overlapped. Post-hoc, we calculated the buffer
size relative to the MMDM that would be necessary to yield the same density
estimates between the Huggins and SCRandom models, using SCRiandom as the standard
since the state-space is explicitly modeled. This ratio value is typically assumed to be
0.5 or 1. In this study, the mean ratio of buffer size to MMDM =+ SD was 0.86 + 0.28
(range: 0.43 - 1.29) for mice, 0.73 £ 0.15 (range: 0.56 - 0.95) for chipmunks, and 0.45
+ 0.06 (range: 0.34 - 0.53) for flying squirrels (Figure S4.6).

When we withheld information about individual identity, many of the SC
models applied to the capture-recapture data did not converge without auxiliary
information about 6 and Ao parameters from SCRrandom models. Convergence issues
were greatest for deer mice where we were only able to estimate the density of one
site using SCcRr no info,sep ANd SCCR noinfo,pool and 5 sites each using SCcrinfo,sep and

SCcr,info,pool. We had the least convergence issues for chipmunk and were able to
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estimate densities of all 9 sites using both SCcrnoinfo,pool and SCcrinfo,pool. When
models converged, we were able to differentiate the relative densities of all 3 species
if auxiliary information about ¢ and Ao parameters were provided (SCcRr noinfo,sep and
SCcRinfo,sep) (slopes: 0.11 —0.29) (Figure 4.5). In addition, slopes of SCcr noinfo,pool fOr
chipmunks (slope = 1.52 £ 0.19) and SCcRrnoinfo,sep for flying squirrels (slope = 1.42 £+
0.92) were also positive. Generally, SCcr model density values underestimated the
density of each species when we used non-informative priors (mice: 1.05 — 3.46 fold,
chipmunks: 0.03 — 0.94 fold, and flying squirrels: 0.02 — 0.29 fold) but grossly
overestimated the density of each species when we used informative priors (mice:
3.24 —23.62 fold, chipmunks: 2.87 — 26.50 fold, and flying squirrels: 8.64 — 48.84
fold).

Camera trap data analyses

Overall, we detected deer mice in 16,585 photos, Townsend’s chipmunks in
3,935 photos, and Humboldt’s flying squirrels in 770 photos from camera traps.
Generally, density estimates from unmarked camera trap models were positively
correlated with SCRrandom density estimates for chipmunks, but we had mixed results
for mice and flying squirrels where density estimates were positively correlated, not
correlated, or negatively correlated for mice and flying squirrels regardless of the
analysis (Table 4.2). Unmarked models had relatively low R? values and high root
mean square error values (R? range = -0.45 — 0.87, RMSE range = 0.09— 1.04)
compared to the R? values and root mean square error of marked models (R? range =
0.73 — 1.00, RMSE range = 0 — 0.46).

For all 3 species, the simplest index of abundance, the average encounter rate,
was positively correlated with SCRrandom densities indicating that this metric was able
to recover relative density estimates, especially when the consolidation window was
short; all slopes of linear regressions were positive or overlapped 0 and there were no
concerns about convergence of models (Figure 4.6). All slopes for mice when
consolidation times were 0 and 15 minutes, all slopes for chipmunks, and all slopes
for flying squirrels when consolidation time was 0 minutes were positive regardless

of the number of days on data we used. When we increased consolidation times for
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mice and flying squirrels, slopes overlapped 0, particularly when the number of days
of data we used increased.

Other unmarked models (N-mixture, TTE, STE, and SC) that we tested on
camera trap detections were also generally able to recover relative densities of
chipmunks where linear regression slopes were positive (6 of 12 N-mixture, 1 TTE, 5
of 5 STE, and 7 of 16 SCcam models) (Figure 4.7,Figure 4.8, andFigure 4.9). These
other unmarked models were only sometimes able to recover relative densities of
mice (5 of 12 N-mixture, 1 TTE, 0 of 5 STE, and 7 of 16 SCcam models), and rarely
able to recover relative densities of flying squirrels (2 of 12 N-mixture, 0 TTE, 1 or 5
STE, 3 of 16 SCcam models). We experienced convergence issues for more complex
models such as N-mixture and SC models, and we were unable to estimate densities
at some sites, even for chipmunks. For N-mixture models, we had the most
convergence issues when we did not consolidate detections (t = 0) and when detection
was held constant across camera traps (Noase) (Figure 4.7). The most complex SC
models took orders of magnitude longer to run (up to 9 hours to estimate density per
site, ~3 weeks to estimate density by pooling data across sites) and had significant
model convergence issues (e.g., no models converged for SCcam noinfo,sep With t = 0).
For SC models, including auxiliary information for ¢ and Ao from the SCRrandom
model and pooling data across sites improved convergence rates and improved slope
estimates (made them more positive; €.g., SCcamno.info,sep VS. SCeam, info,sep and
SCeam,info,sep VS. SCeamiinfo,pool) (Figure 4.9).

We found that unmarked models were sensitive to the consolidation time and
the duration of time the camera traps were active. For example, N-mixture model
density estimates had slopes closer to 1 when the consolidation time was 15 minutes
for mice, but 60 minutes for chipmunks (Figure 4.7). Longer consolidation times,
however, decreased the slope of the linear regressions from positive to overlapping 0
in mice when calculating average encounter rates (Figure 4.6) and increased the slope
of the linear regression from negative to positive in flying squirrels when calculating
densities using space-to-event models (Figure 4.8). Finally, average encounter rates
for all three species declined when incorporating more days of data, likely due to

decreasing amounts of bait available (Figure 4.6).
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Discussion

Although complex statistical models can more accurately reflect the
complexities of reality and empirical data collection, we found that the simplest
relative abundance index calculated as the average encounter rate per camera trap best
captured relative density estimates of 3 small mammal species, which were present at
low, intermediate, and high densities. In terms of slope values, R? values, and root
mean square error values, average encounter rates outperformed the other unmarked
models (N-mixture, time-to-event, space-to-event, and spatial count models) that we
tested.

A major advantage of this method was that the shortest time frame of
monitoring the bait stations of 1 day yielded slopes closest to 1, and this method
required the least computational effort since it did not require us to account for
imperfect detection, use complex code, or use Bayesian methods. Although relative
abundance indices rely heavily on the assumption that detection probability is
constant between sites and detection rate has a monotonic relationship to animal
abundance (O’Brien 2011) and it has been suggested that this assumption is unlikely
to hold true in empirical studies (Harmsen et al. 2010, Sollmann et al. 2013), this
metric has shown promising results with small mammal species. Villette et al. (2016)
found that average encounter rates standardized by effort based on camera trapping
data could estimate relative abundance of deer mice and northern red-backed voles
(Myodes rutilus), and Parsons et al. (2021) showed similar results with mice, voles,
and chipmunks by calculating the proportion of camera trap-nights where a species
was detected and the number of independent detections. In this study, this metric may
have performed well because all of our sites were located within similar old-growth
stands in a single region and mechanisms that may influence detection were similar.
Still, these relative abundance indices do not provide absolute values of abundance or
density, so a major drawback to this metric is that it is difficult to compare densities
between species or between studies (Burton et al. 2015).

It was evident, however, that other unmarked models such as N-mixture
models, time-to-event models, and SC models also did not provide accurate absolute

density estimates. Other unmarked model estimates were multiple orders of
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magnitude larger or smaller than the marked spatial capture-recapture density
estimates, so comparisons of these estimates between species or between studies
would be impractical. Thus, even though other unmarked models provide density
estimate values of each species, they should also be treated as relative density
estimates unless there is a way to calibrate the density estimates with another method.

As expected, unmarked models applied to camera trapping data had varying
levels of success based on the species and their life history traits (Gilbert et al. 2021).
The camera trapping scheme of this study was best suited for the natural history of
Townsend’s chipmunk, a diurnal species occurring at intermediate densities at these
sites and revealed relative densities at each site almost regardless of the method we
implemented. Chipmunks had a moderate number of detections (n = 3,935), an
intermediate MMDM (78.2 + 8.6 m) that matched the spacing of the Tomahawk grid
(40 m), and 4 differentiable population abundances that may have made it easier for
the linear regression to distinguish between grids with low abundance from those with
high abundance (Figure 4.3).

The estimates from camera trapping were less ideal for mice and flying
squirrels, nocturnal species present at high and low densities, respectively. For these
species, we were able to recover the relative densities using some models such as
average encounter rates, but for most models, there was no relationship or a negative
relationship between SCRrandom €stimates and unmarked model estimates and density
estimates were sensitive to the consolidation time used. The number of detections was
high for mice (n = 16,585) and low (n = 770) for flying squirrels, which corresponded
to high and low density estimates from the live-trapping models. The lack of variation
in densities between sites likely also contributed to decreased abilities to differentiate
between low- and high-density sites (3 distinct densities for mice and only 2 distinct
densities for flying squirrels).

The consequences for differences in life history traits were most evident in the
differences in ideal consolidation times by species. For example, longer consolidation
times or longer windows of detection improved density estimates for flying squirrels,
which are larger bodied animals that occur at lower densities, have slower movement

rates, and have larger home range sizes. Therefore, it is likely that multiple detections
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of the same species within a short period was the same animal. On the other hand,
increasing consolidation times worsened estimates of relative density, especially for
the average encounter rate metric, for mice, which are small-bodied animals that
occur at higher densities, have fast movement rates, and have smaller home range
sizes. For this species, multiple detections of the same species within a short period
likely represented different individuals, so consolidating these detections into a single
detection misrepresented the number of individuals present. Sensitivity to
consolidation times has also been observed by Villette et al. (2016), who found that
density estimates changed according to the consolidation time for Myodes voles but
not mice.

The marked models on the live capture-recapture data yielded density
estimates that were highly consistent between methods, regardless of whether they
accounted for imperfect detection or were spatially explicit. Densities for each site
were within 0.31-fold to 1.33-fold of the SCRrandom densities and regression lines had
slopes close to 1 even without scaling and centering model density estimates.
Generally, marked model density estimates were underestimates of the values we
chose as the standard (SCRrandom), indicating that they would provide conservative
estimates of the population density. Similar to other comparative studies, we found
that spatially explicit methods were superior to non-spatial capture-recapture methods
because they can accurately define the area over which the abundance of the
population is estimated and estimate variable densities within a site (Blanc et al.
2013).

When individual identity was withheld from capture-recapture data, we found
significant issues with convergence in spatial count models, and we were only able to
recover relative densities of all 3 species if auxiliary information from SCRandom Were
provided, suggesting that density estimates were sensitive to priors we set for ¢ and Ao
parameters. This is consistent with prior simulations that showed that spatial count
models have difficulty with reliable convergence because parameters such as c are
not identifiable (Augustine et al. 2019). In some instances, SC models applied to
capture-recapture data with non-informative priors were able to recover the relative

densities of chipmunks and flying squirrels and showed that SC models could provide
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relative densities of species in special cases. These special cases may have yielded
accurate relative densities because flying squirrel detections were low, which have
been shown to increase the likelihood of convergence (Augustine et al. 2019).

Spatial count models applied to camera trap data had similar results to the
spatial count models that were applied to capture-recapture data. When these models
were applied to capture-recapture data, slopes were positive or overlapped 0, but
when they were applied to camera trap data, slopes were positive, overlapped 0, or
negative (Figure 4.9). One of the main differences in these two datasets was that
individuals could only be caught once in the live capture data but could be detected
multiple times on camera traps. This was more likely when there was fresh bait
placed in front of the camera trap that served as an attractant for these species.

Other unmarked methods such as N-mixture, TTE, and STE models, had
mixed levels of success for all 3 species. Although Loonam et al. (202154, a) found
TTE and STE models to produce unbiased and robust density estimates in simulations
and with empirical data, we did not find this to be the case. Loonam et al. (20215)
suggested that density estimates were sensitive to speed estimations, but when
densities were scaled and centered, the regression for flying squirrels produced a
negative slope for the time-to-event model, indicating that this model had variable
success depending on the species. For TTE and STE models, it is possible that our
density estimates were incorrect because we may not have estimated the viewshed
area correctly due to heterogeneity in camera trap sensitivity (Moeller et al. 2018).
We may have also violated the assumption of perfect detection of animals within the
camera trap viewshed, given we use the motion- and heat- triggered camera traps.
Still, because we set camera traps at a downward angle and placed bait close to
cameras, we believe our estimation of the camera viewshed is fairly accurate and that
minimized the occurrence of false negatives in our data.

One of the limitations of this study is that small mammals were camera
trapped immediately following the live capture-recapture efforts. As such, many of
the small mammals were already habituated and perhaps searching for bait. This
could explain why we had such high detection rates of our target small mammal

species on the first day that the cameras were deployed (Figure S4.7). The lack of
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time between live trapping and camera trapping, however, ensured population closure
with both methods. Moreover, this could be considered equivalent to pre-baiting the
camera trap sites, which is standard practice with live trapping. It remains
undetermined whether pre-baiting is necessary to obtain accurate population
estimates.

The use of bait could have altered the behavior of our target species.
Individuals can be attracted or repelled from bait depending on the influence of
predator avoidance, inter-specific competition, and resource availability on behavior
(from Villette et al 2015: Burns 1981, Wolf et al 1983). This could impact both our
live capture-recapture estimates and our camera trap estimates. For example, if an
animal exhibits a behavior such as food caching, it may generate many camera trap
detections of the same individual, resulting in abundance estimates that would be
biased high. Still, camera traps detections may be less biased than live-trap captures
because an animal may spend considerable amounts of time near a trap, but not get
captured due to hesitancy to enter the trap (De Bondi et al. 2010).

The findings of our study support the use of camera traps and relative density
indices as a method for answering one of the fundamental questions in ecology,
conservation, and management: how many individuals of a species are present at a
given time and place? Camera traps continue to be a promising technique to estimate
densities of animal populations across larger spatial and temporal scales, but we
showed that even methods that produce absolute density estimates require calibration
from live-trapping methods to produce reliable density estimates. Through the robust
analysis of 8 independent sites of 3 small mammal species, we showed that results of
different popular models varied from species to species, but the simplest metric, the
average number of detections per camera, was able to recover relative density
estimates of all 3 species. Future studies should focus on determining the minimum
number of cameras necessary, the correct camera configuration (e.g., distance
between cameras), and ideal study design (e.g., random placement of cameras)

necessary for accurate density estimates.
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Table 4.1. Assumptions for various unmarked models.

Model

Simple
index

Relative
abundance
index
RAD' -
N- -
mixture? -

Random -
encounter
(REM)? -

Distance -
sampling*

Assumptions

Geographic closure of population
Homogenous area, population

Detection probability is constant across

individuals and over space

Detection rate increases as abundance
increases

Random movement by target species

Individuals only detected at one location

Geographic closure of each plot within
each season

Demographic closure within each season
Target species detections are independent

of each other

Target species move randomly &
independently

Camera are placed randomly

Each detection is independent

Target species are not attracted or
repelled (no bait)

Closed population

Animals distributed independently of
transect or point

All animals on transect or at point are
detected (perfect detectability at
distance=0)

Additional
information

Target
species home
range size
Area
sampled
Calibration
index

Detection
zone (radius,
angle)
Movement
rate of target
species

Detection
function

Underlying
distribution
Normal

distribution

Poisson or
Binomial

or
Beta-binomial
observation
model
Poisson and
Negative
binomial

Poisson and
Negative
binomial

! Drennan et al. 1998, Carbone et al. 2001, Conners et al 2005, Harrington et al. 2008, Villette et al. 2015

2 Royle 2004
3 Rowecliff et al. 2008
4 Howe et al. 2017

Abundance type

Relative

Absolute/Relative

(depends on
assumption
violations)

Absolute

Absolute
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Assumption
Violations

individuals
detected at
multiple
locations



Time-to- -
event -
(TTE)5

Space-to-
event -
(STE)® -

Spatial -
Count’

Observation process is a snapshot
(observer moves much faster than target
species, animals do not move before
detected)

Distance measured accurately
Independent detections

Survey is representative of study region
Sampling locations distributed randomly
Detection rate increases as abundance
increases

Animals are neither attracted or repelled
Geographic closure of study area
Demographic closure

Detections are independent in space and
time

Sampling locations are distributed
randomly

Detection rate increases as abundance
increases

Animals are neither attracted or repelled
Geographic closure of study area
Demographic closure

Detections are independent in space and
time

Spatial correlation of counts at different
sampling locations

Same animal detected at multiple
locations

5 Moeller et al. 2018
6 Moeller et al. 2018

7 Chandler and Royle 2013

Movement
rate of target
species
Sampling
area

Sampling
area

Poisson and
exponential
distribution

Poisson and
exponential
distribution

Poisson

Absolute

Absolute

Absolute
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Table 4.2. Summary of unmarked model performance and precision in comparison
to multi-strata spatial capture-recapture model density estimates (SCRrandom) for deer
mice (Peromyscus maniculatus), Townsend’s chipmunk (Neotamias townsendii), and
Humboldt’s flying squirrel (Glaucomys oregonensis) when density values were
centered and scaled. Performance measured by ability of models to differentiate
between sites with high and low densities (slope). Precision measured by R-squared
value (R?) and root mean squared error (RMSE) calculated from linear regressions.

Model Deer mouse Townsend’s Humboldt’s flying
chipmunk squirrel
Average Positive slope for Positive slopes for Positive slopes for all
encounter  shorter consolidation all consolidation models
rate time (t=0, 15) times and number of
regardless of number days active
of days active
Medium - high Medium RMSE High RMSE
RMSE
Lower RMSE for
shorter consolidation
times
-0.01 <slope <0.81 0.57 <slope<0.86  0.07 <slope <0.51
0.57<RMSE <0.96 0.29<RMSE <0.67 0.72 <RMSE <0.86
N-mixture Positive slope for Positive slope for Slopes overlapping 0
models using shorter models using shorter
consolidation times ~ consolidation times
(t=0,15) (t=0, 15, 60)
Lower RMSE for Lower RMSE for High RMSE
base model base model with no
consolidation
-0.2 <slope < 1.25 -0.69 <slope <0.93 -0.05 <slope <0.48
0.19 <RMSE <096 0.09<RMSE<0.83 0.74 <RMSE <0.92
Time-to-  Positive slope Positive slope Negative slope
event High RMSE High RMSE High RMSE
(TTE) Slope = 0.46 Slope = 0.45 Slope =-0.38
RMSE = 0.86 RMSE =0.74 RMSE =0.79
Space-to-  Slope negative or Positive slope for all ~ Slope overlapping 0
event overlapping 0 models or positive
(STE) More positive slope
for longer encounter
windows
High RMSE High RMSE High RMSE
-0.68 <slope <0.26  0.46 <slope <0.59  -0.06 <slope < 0.44
0.72<RMSE <0.96 0.65<RMSE<0.74 0.76 <RMSE <0.90
Spatial Positive slopes if Positive slopes if Mostly slopes
count data pooled data pooled negative or
overlapping 0
High RMSE High RMSE Medium RMSE
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Figure 4.1. Study area, trapping scheme, and trap locations. (A) The H. J. Andrews Experimental Forest on the western slope of the
Oregon Cascades within the Willamette National Forest. Squares indicate locations of the 9 sites that were trapped for small mammals
using live traps as part of a long-term study on owl prey items from 2011-2022. Sites 1-8 were camera trapped during fall 2017. (B)
Configuration of live traps (NTomahawk = 128 and nsherman = 100) and camera traps (n = 80) at each small mammal trapping site. Two
Tomahawk traps (n = 128) and 1 camera trap (n = 16) were placed at each location in the larger Tomahawk grid (A-H, 1-8; black
dots). One Sherman trap was placed at each location in the nested grid (P-Z, 1-10; open circles). One additional camera trap was
placed at every other Sherman trap location (P-X, 1-9; n = 16; green dots). (C) Trapping scheme for live traps and camera traps.
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Figure 4.2. Models tested using two types of data: live capture-recapture data (green) and
camera trap data (blue).
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Figure 4.3. Posterior distributions of grid-specific density estimates from multi-strata spatial-
capture recapture models (SCRrandom) for (A) deer mice (Peromyscus maniculatus), (B)
Townsend’s chipmunk (Neotamias townsendii), and (C) Humboldt’s flying squirrel (Glaucomys
oregonensis). Different lowercase letters above density curves indicate < 0.05 overlap in
posterior distributions (see Table 2).
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Figure 4.4. Comparison between density estimates calculated with live trapping data that
account for individual identity for deer mice (left panels), Townsend’s chipmunks (middle
panels), and Humboldt’s flying squirrels (right panels). Models compared were minimum
number of individuals known alive (MNKA; black), Huggins models (Huggins; grey), and
spatial capture recapture models in a Bayesian framework (SCR separate, SCR pool, SCR
random; shades of red). (A) Model estimates centered and scaled (mean = 0, standard deviation =
1) and compared to SCR random using linear regressions. Grey diagonal line represents 1:1 line.
(B) Slope of linear regression line. Slope of 1 indicates perfect alignment between density
estimates whereas slope of 0 indicates no correlation between density estimates, and slope of -1
indicate perfect negative correlation between density estimates. Error bars represent standard
error. (C) R-squared values of linear regression. Values closer to 1 indicate better fit of linear
regression. (D) Root mean squared error (RMSE) values for linear regression. Values closer to 0
indicate better fit of linear regression.
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Figure 4.5. Comparison between density estimates from spatial count (SC) models calculated
from live trapping data that withheld individual identity and spatial capture-recapture models
with random intercepts for each site (SCR random) for deer mice (left panels), Townsend’s
chipmunk (middle panels), and Humboldt’s flying squirrel (right panels). Comparisons made.
(A) Model estimates compared to SCR random using linear regressions. (B) Slope of linear
regression line. Slope of 1 indicates perfect alignment between density estimates whereas slope
of 0 indicates no correlation between density estimates, and slope of -1 indicates perfect negative
correlation between density estimates. Error bars represent standard error. (C) R-squared values
of linear regression. Values closer to 1 indicate better fit of linear regression. (D) Root mean
squared error (RMSE) values for linear regression. Values closer to 0 indicate better fit of linear
regression. *Note: only estimates from models that converged were included.
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Figure 4.6. Comparison between average encounter rates for camera trap data and multi-strata
spatial capture-recapture models with random intercepts for each site (SCRrandom) for deer mice
(left panels), Townsend’s chipmunk (middle panels), and Humboldt’s flying squirrel (right
panels). (A) Model estimates and compared to SCRrandom using linear regressions. (B) Slope of
linear regression line. Slope of 1 indicates perfect alignment between density estimates whereas
slope of 0 indicates no correlation between density estimates, and slope of -1 indicates perfect
negative correlation between density estimates. Error bars represent standard error. (C) R-
squared (R2) values of linear regression. Values closer to 1 indicate better fit of linear regression.
(D) Root mean squared error (RMSE) values for linear regression. Values closer to 0 indicate
better fit of linear regression.
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Figure 4.7. Comparison between N-mixture models fitted to camera trap data and multi-strata
spatial capture-recapture models with random intercepts for each site (SCRrandom) for deer mice
(left panels), Townsend’s chipmunk (middle panels), and Humboldt’s flying squirrel (right
panels). Abundance converted to density using by dividing abundance by area of trapping grid
with 2 mean maximum distance moved (MMDM) for each species derived from the capture-
recapture models. (A) Model density estimates compared to SCRrandom using linear regressions.
(B) Slope of linear regression line. Slope of 1 indicates perfect alignment between density
estimates whereas slope of 0 indicates no correlation between density estimates, and slope of -1
indicate perfect negative correlation between density estimates. Error bars represent standard
error. (C) R-squared (R2) values of linear regression. Values closer to 1 indicate better fit of
linear regression. (D) Root mean squared error (RMSE) values for linear regression. Values
closer to 0 indicate better fit of linear regression. *Note: only estimates from models that
converged were included
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Figure 4.8. Comparison between time-to-event (TTE) and space-to-event (STE) models fitted to
camera trap data and multi-strata spatial capture-recapture models with random intercepts for
each site (SCRrandom) for deer mice (left panels), Townsend’s chipmunk (middle panels), and
Humboldt’s flying squirrel (right panels). (A) Model density estimates compared to SCRrandom
using linear regressions. (B) Slope of linear regression line. Slope of 1 indicates perfect
alignment between density estimates whereas slope of 0 indicates no correlation between density
estimates, and slope of -1 indicates perfect negative correlation between density estimates. Error
bars represent standard error. (C) R-squared (R2) values of linear regression. Values closer to 1
indicate better fit of linear regression. (D) Root mean squared error (RMSE) values for linear
regression. Values closer to 0 indicate better fit of linear regression. *Note: only estimates from
models that converged were included
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Figure 4.9. Comparison between spatial count (SC) models fitted to camera trap data and multi-
strata spatial capture-recapture models with random intercepts for each site (SCRrandom) for deer
mice (left panels), Townsend’s chipmunk (middle panels), and Humboldt’s flying squirrel (right
panels). (A) Spatial count model density estimates compared to SCRandom using linear
regressions. (B) Slope of linear regression line. Slope of 1 indicates perfect alignment between
density estimates whereas slope of 0 indicates no correlation between density estimates, and
slope of -1 indicates perfect negative correlation between density estimates. Error bars represent
standard error. (C) R-squared (R2) values of linear regression. Values closer to 1 indicate better
fit of linear regression. (D) Root mean squared error (RMSE) values for linear regression. Values
closer to 0 indicate better fit of linear regression. *Note: only estimates from models that
converged were included
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Abstract

The majority of terrestrial biodiversity on Earth is supported by forested
systems (International Union for Conservation of Nature 2017), but the demand for
economic outputs from these areas has resulted in widespread deforestation and forest
degradation. Despite growing concerns that we are in “the sixth extinction crisis,” we
are limited in our ability to stymy this crisis because we still do not understand how
species and communities respond to forest age, loss, and degradation. New
technologies using next generation natural history methods now allow for linking
biodiversity to forest age and structure using landscape-scale biodiversity surveys.
We conducted multi-taxa biodiversity surveys across a gradient of forest age and
structure inclusive of ancient forests in the Oregon Cascades of the Pacific Northwest
during 2017-2019. We used traditional and next generation natural history methods to
collect data simultaneously on understory vegetation, overstory trees, fungi, crawling
and flying invertebrates, songbirds, and mammals at 96 core biodiversity sites. At 145
additional sites, we collected vegetation and songbird data. From our samples and
surveys, we identified 1134 fungal operational taxonomic units (OTUs) from soil
cores, 342 invertebrate OTUs from pitfall traps, 891 invertebrate OTUs from Malaise
traps, 61 bird species from songbird surveys, and 29 mammal species from camera
traps. Using nonmetric multidimensional scaling ordinations (Bray Curtis distance),
we identified 2 major gradients, elevation and years since disturbance, that explained
differences in community composition. Partial Mantel tests revealed that B-diversity
(turnover) was positively correlated with dissimilarity of stand characteristics such as
years since disturbance, old growth structural index, canopy height, canopy
ruggedness, indicating that species composition in young, recently disturbed forests
are distinct from those in old growth forests. Together, we provide an extensive
baseline of biodiversity data and an efficient method for surveying multiple taxa
simultaneously. With these methods, one can test the efficacy of land-use policies
such as the Northwest Forest Plan in providing protection of old-growth associated

biota and maintaining biodiversity.
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Introduction

Forest loss and degradation have been identified as primary global drivers of
biodiversity decline (Betts et al. 20175, 2022) and have contributed to what some call
“the sixth extinction crisis" (Ceballos et al. 2015), where population trends across
multiple taxa including invertebrates (Hallmann et al. 2017), amphibians (Stuart et al.
2004), birds (Rosenberg et al. 2019), and mammals (Ripple et al. 2014, 2015) show
alarming rates of decline during the Anthropocene (Dirzo et al. 2014). Following
disturbance, time can be an important mechanism of species accumulation and
biodiversity maintenance (Peterken and Game 1984), suggesting that forest age as
well as forest loss and forest degradation is likely to affect biodiversity. However,
how most species respond to forest loss, degradation, and age is still poorly
understood. Given the benefits of biodiversity for ecosystem processes and ecosystem
services (Ricketts et al. 2016) and the social values placed on maintaining unique
species, knowing these relationships is critical to develop conservation strategies to
maintain biodiversity and intact ecosystems.

This relationship between forest age, disturbance, and biodiversity has been
studied empirically, but with mixed results. In global analyses of forest loss, risks of
species extinction based on IUCN Red List data were predicted to be
disproportionately greater for species in relatively intact landscapes (Betts et al.
2017b). In the tropics, bird, dung beetle, and leaf-litter ant species richness increased
with age and recovery towards old growth forest (Edwards et al. 2014, Owen et al.
2020), but others have observed declines in species richness (Miiller et al. 2023). In
Canada, even though there was little change in overall forest cover, there were
substantial population declines in avian species related to the decline of old growth
forests (Betts et al. 2022). Together, these studies indicate that old growth forests may
be important for biodiversity maintenance, but this relationship may be location
specific.

Some of the oldest and largest trees on Earth occur in the temperate
rainforests of the Pacific Northwest, USA. These old growth forests have been
presumed to be particularly important for biodiversity maintenance by harboring

unique biota. Despite this assumption, the biodiversity response to forest age in this
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region is largely unknown, beyond a few flagship species such as a lichen species,
Lobaria oregana (Sillett et al. 2000), and old-growth obligate bird species, Northern
Spotted Owls (Forsman et al. 1984) and Marbled Murrelets (Ralph et al. 1995).
Knowing this relationship between age, disturbance, and biodiversity is critical
because logging has been a significant cause of forest loss and degradation in this
region. Between 1940-1994, timber harvest in the Pacific Northwest accelerated
dramatically during and after World War II. In Oregon alone, the extent of timber
harvest during this period typically exceeded 8 billion board feet annually (Simmons
et al. 2016). The rapid decline of old-growth forests, conservation concerns for
Northern Spotted Owl, and growing environmental activism resulted in a period of
civil unrest referred to as the “Timber Wars” of the 1980s and early 1990s. With
population declines caused by loss of habitat, Northern Spotted Owls were listed
under the US Endangered Species Act in 1990 which then resulted in an injunction of
timber harvesting on federal lands until a plan was developed that would provide
adequate habitat to support population recovery (Lesmeister et al. 2018). The 1994
Northwest Forest Plan was designed to protect and restore old growth forests on
approximately 10 million ha of federally administered land to support Northern
Spotted Owl recovery, habitat for other old-growth species, and maintain substantial
volume of timber production (U.S. Department of Agriculture, Forest Service and
U.S. Department of the Interior, Bureau of Land Management [USDA and USDOI]
1994). During this period, much progress was made on identifying the diversity of
biota in old growth stands during the USDA Forest Service’s Old-Growth Wildlife
Habitat Research Program (Ruggiero et al. 1991), and although many old growth
stands were protected by the Northwest Forest Plan, protection of these stands was
largely motivated by one species following the umbrella-species conservation model
(Fleishman et al. 2000, Zacharias and Roff 2001). The degree to which these old-
growth stands provide habitat for other biota that specialize in old growth forests is
unknown.

Today, timber production still continues to dominate land use in the Pacific
Northwest. In Oregon, > 4 billion board feet are harvested annually, producing ~$7

billion in revenue, and supporting > 43,000 jobs (Simmons et al. 2016). Since the
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Northwest Forest Plan, conservation concerns for numerous species have continued to
grow including the Northern Spotted Owl, Marbled Murrelet (Brachyramphus
marmoratus), red tree vole (Arborimus longicaudus), and Humboldt marten (Martes
americana humboldtensis), and old growth associated songbirds, indicating that these
protections are not enough (Lesmeister et al. 2018, Raphael et al. 2018, Phalan et al.
2019, Heinrichs et al. 2023). Moreover, it still remains unknown 1) if these old
growth forests harbor more diversity than younger forests, 2) the extent to which
species specialize in old growth forests, and 3) at what scale protection of old growth
forests is necessary. Some organisms may need an individual old tree, whereas others
may need an old growth dominated stand, landscape, or region (Spies 2004). In
addition, even if species are not dependent on old growth forests, per se, they may be
negatively impacted by the homogenous, even-aged Douglas fir (Pseudotsuga
menziesii) plantations that are favored by timber harvest and forest management
(Lindenmayer et al. 2011).

Until recently, it was difficult to survey biodiversity at a landscape scale
across multiple taxonomic groups simultaneously. Surveying multiple taxonomic
groups was expensive, labor intensive, and required the integration of many taxa-
specific experts, particularly to identify invertebrates and fungal hyphae or spores.
Since surveying multiple taxa was demanding, many researchers used indicator,
umbrella, or charismatic species as a proxy for biodiversity monitoring and
management. These methods, however, have drawn criticism because many co-
occurring species are limited by ecological factors that are not relevant to the focal
species (Andelman and Fagan 2000, Roberge and Angelstam 2004).

Advances in technology now allow us to survey multiple taxonomic groups
simultaneously in detail across broad spatial and temporal extents (Tosa et al. 2021).
These advances, including new electronic sensors such as camera traps (Steenweg et
al. 2017) and acoustic recorders (Rempel et al. 2005, Sueur et al. 2009), and genetic
methods such as DNA metabarcoding (Ji et al. 2013) have enabled researchers to
create robust “next-generation natural history” datasets (Tosa et al. 2021). These
datasets can then leverage aircraft- and satellite-based remote sensing, which have

also improved dramatically, to quantify relationships of biodiversity to environmental
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factors and predict biodiversity (Gillespie et al. 2008, Bush et al. 2017, Barsoum et al.
2019). These results can then be utilized for conservation and management.

Here, we used next-generation natural history and traditional methods to
implement a rapid biodiversity inventory of plants, fungi, invertebrates, songbirds,
and mammals in the Oregon Cascades during 2017-2019. The objective of this study
was to quantify the relationships of single species and communities within
environmental gradients of elevation and disturbance on federal forests. We predicted
that community composition would be strongly driven by the elevation in this
mountainous system because it is strongly tied to other conditions critical to species
niches including temperature and the amount and type of precipitation (e.g., rain or
snow) a site receives. Additionally, we predicted that old growth sites would have
higher species diversity because they have had time to accumulate species, provide a
diverse number of niches, and provide more area for species to occupy. Quantifying
these relationships allowed us to enumerate and identify species that would be lost
with the conversion of old growth forests into disturbed forests. We found that a
multi-taxa approach was advantageous and necessary because we found evidence for

taxon-specific responses to the amount of old growth on the landscape.

Study Area

This study was conducted in the McKenzie River Ranger District of the
Willamette National Forest near Blue River, Oregon, which is located on the western
slope of the Cascade Mountain Range (Figure 5.1A). Roughly half of the sites were
located in the H. J. Andrews Experimental Forest (HJA), a Nation Science
Foundation (NSF) Long Term Ecological Research (LTER) site. The HJA was the
original study area where northern spotted owls were studied (Forsman et al. 1984).
Although monitoring of the northern spotted owl population has continued here, their
population has declined dramatically, so much so that it is no longer believed that
there are any breeding pairs of northern spotted owls left. The surrounding sites were
located on federal lands that are managed for timber production and other objectives
by the USDA Forest Service. Elevations range from 410 m to 1,630 m. The maritime

climate consists of warm, dry summers and mild, wet winters. Mean monthly
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temperatures range from 1°C in January to 18°C in July. Precipitation is concentrated
from November through March, and averages 230 cm at lower elevations, mainly as
rain, and 355 cm at higher elevations, mainly as snow (Greenland 1993, Swanson and
Jones 2002).

Lower elevation forests are dominated by Douglas-fir (Pseudotsuga
menziesii), western hemlock (Tsuga heterophylla), and western red cedar (Thuja
plicata). Upper elevation forests are dominated by noble fir (4bies procera), Pacific
silver fir (4bies amabilis), Douglas-fir, and western hemlock. The understory is
variable and ranged from open to dense shrubs. Common shrubs included Oregon
grape (Mahonia aquifolium), salal (Gaultheria shallon), sword fern (Polystichum
munitum), vine maple (Acer circinatum), Pacific rhododendron (Rhododendron
macrophyllum), huckleberry (Vaccinium spp.), and blackberry and salmonberry
(Rubus spp.).

Before timber cutting in 1950, 65% of the HJA was covered in old-growth
forest. Approximately 30% of the HJA was clear cut or shelterwood cut to create
plantation forests varying in tree composition, stocking level, and age. In 1980, the
HJA became a charter member of the Long Term Ecological Research network and
no logging has occurred since 1985. The Willamette National Forest immediately
surrounding the HJA has a similar logging history, but logging continues to occur.
Currently, the HJA consists of a higher percentage of old-growth forest than the
surrounding Willamette National Forest (approximately 58% in the HJA vs. 37% in
the study area) (Davis et al. 2022). Wildfires are the primary disturbance type,
followed by windthrow, landslides, root rot infections, and lateral stream channel
erosion. Mean fire return interval of partial or complete stand-replacing fires for this
area is 166 years and ranges from 20 years to 400 years (Teensma 1987, Morrison

and Swanson 1990, Reilly et al. 2017).

Methods
We conducted multi-taxa biodiversity surveys at 96 sites, stratified by
elevation and time since disturbance. Sites were also stratified between inside and

outside the HJA to capture landscape-scale differences between the long-term
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ecological research site where no logging has occurred since 1989 and neighboring
sites within a landscape context of continued active management (nuja = 42, nwnr =
54). At each site, we surveyed vegetation, fungi, invertebrates, songbirds, and
mammals (Figure 5.1B). To quantify fungal and invertebrate diversity, we used
genetic methods. We conducted all analyses in Program R 4.2.2 (R Development

Core Team 2014).

Vegetation Surveys

In 2018, we conducted vegetation sampling according to protocols developed
by Kim et al. (2022). Briefly, at each site, we measured vegetation at 500 m? subplots
(12.6 m radius). Measurements included size of trees (diameter at breast height),
vertical structure, ground cover, woody species cover, fern cover, and along one
transect, the size and decay class of coarse woody debris. For vegetation-specific
analyses, we included 145 additional sites that were surveyed concurrent to our study
(Kim et al. 2022). We separated overstory tree communities from understory woody

vegetation communities (0-2 m in height) for the purposes of this study.

Fungal Surveys

We collected 5 soil cores (15 cm length x 1.3 cm radius) at each site: 4
samples were taken 10 m from site center in each of the cardinal directions and 1 at
site center. We stored samples at -20C until we extracted DNA from soil samples
using the FastDNA SPIN Kit for Soil (MP Biomedicals, USA), amplified the ITS1
region from resultant DNA (White et al. 1990, Blaalid et al. 2013), and used DNA
metabarcoding to identify operational taxonomic units (OTUs). We sequenced
barcode regions of DNA (PE, 150 bp insert size) using the Illumina HiSeq 3000 at the
Center for Quantitative Life Sciences at Oregon State University. We assigned
taxonomic information to OTUs, when possible, based on the UNITE database
(https://unite.ut.ee/). To be conservative with what we considered a species, we

removed OTUs that had percent identification < 90%.

Invertebrate Surveys
We collected flying and crawling invertebrate samples using at least 1 Malaise
trap and 8 pitfall traps at each site during July and August 2018. Malaise traps were

placed at site center. At 32 of the sites, we placed two Malaise traps 20 m in opposite
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cardinal directions from site center so that traps were located 40 m apart. Pitfall traps
were placed 10 m and 20 m from site center in each cardinal direction. Each pitfall
trap consisted of two 475 ml plastic cups (10.0 cm diameter opening, 6.0 cm bottom,
12 cm height). Malaise and pitfall traps were deployed for 7 days. Malaise traps
consisted of 100% ethanol and pitfall traps consisted of 150 ml of a 50:50 mixture of
propylene glycol and DI water. Pitfall trap samples were pooled at the 10 m and 20 m
distances. All samples were transferred to fresh 100% ethanol to store at room
temperature until DNA extraction. Prior to DNA extraction, we air-dried and weighed
the biomass of all pitfall trap samples to quantify the invertebrate productivity of a
site.

We extracted DNA non-destructively by soaking invertebrate samples in 5X
lysis buffer (for 50 ml of lysis buffer: 2 ml Tris HCI [1M], 1 ml NaCl [SM], 10 ml
SDS [10%], 150 ul CaCl; [1M], 34.225 ml H>O) while shaking and incubating at 56C
for 60 hours following a protocol described in Ji et al. (2020). For Malaise trap
samples, we followed the SPIKEPIPE protocol from Ji et al. (2020) and added a
known quantity of invertebrate DNA (not found in the study area) (i.e., internal
standard DNA) to help calibrate sequencing data in the downstream bioinformatics
pipeline. We shotgun sequenced Malaise trap samples (PE 150, 350 bp insert size) to
a mean depth of 29.0 million read pairs (range 21-47) on an [llumina NovaSeq 6000
at Novogene (Beijing, China). We used a custom bioinformatics pipeline to filter
reads, assemble sequences, and assigned taxonomic information to OTUs based on
the GBIF database (https://www.gbif.org/tools/sequence-id accessed 3 Aug 2021).
For pitfall traps, we DNA metabarcoded samples at NatureMetrics (UK) and
amplified the COI region using LerayXT primers (Wangensteen et al. 2018). We
sequenced barcode regions of DNA using the [llumina MiSeq and used a custom
bioinformatics pipeline to filter reads and assign taxonomic information to OTUs
based on the NCBI Genbank database. We were conservative in which invertebrate
species we included in our analysis by only including those that were assigned to

family.
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Songbird Surveys

We conducted point count surveys on 3 occasions from 14 May to 9 July in
2018 and from 18 May to 5 July in 2019, corresponding to the arrival and breeding
period of most songbird species in the region. Point count surveys followed
previously established protocols for long term monitoring of songbirds within the
HJA (Frey et al. 20165, Kim et al. 2022). Surveys were conducted during favorable
weather conditions between 05:15 and 10:30. Birds heard or seen within a 100 m
radius were recorded. For bird-specific analyses, we included 145 additional sites that

were surveyed for songbirds concurrent to our study (Kim et al. 2022).

Mammal Surveys

We conducted mammal surveys using remote trail cameras located at the
center of each site. Cameras inside the HJA were set in June 2017 and cameras
outside the HJA were set in June 2018. Cameras were baited with a can of sardines or
cat food, a fresh dead mouse (Mus musculus), and a carnivore scent lure and were
placed 1.5 — 2 m away from bait. Cameras were visited monthly when accessible, and
we replaced baits at this time. We identified species in photos and imbedded tag
information in images from camera taps using Picasa 3.9.141 (Google, Inc., 2013) or
DigiKam 6.1.0 (KDE, 2019). We used MegaDetector (Beery et al. 2019) to assist in
sorting empty photos from those with animals for a subset of photos. After sorting,
we manually verified that empty photos were in fact empty and added tags for species
if we detected an animal. We extracted metadata information from photos using the
exifr package (Dunnington and Harvey 2021).
Environmental covariates

We extracted environmental covariates at the site level related to vegetation,

forest structure, topography, and anthropogenic features including number of years
since disturbance, old-growth structural index (range: 0 to ©°, larger values for more
structurally complex stand), elevation (m), canopy height (m), Normalized Difference
Vegetation Index (NDVI), Normalized Difference Moisture Index (NDMI), average

annual minimum and maximum temperatures (°C), amount of precipitation (inches),

distance to roads (m), and distance to stream (m) (Table 5.1). We also calculated
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landscape level environmental covariates such as the percentage of area that was
logged in the last 100 years, percentage of mature forest (OGSI80), percentage of old
growth forest (OGSI200) at various buffer sizes (0.1, 0.5, 1.0, and 5.0 km) using the
landscapemetrics package (Hesselbarth et al. 2019). In addition, we included
variables such as year or season in which the data were collected, management
organization (binary WNF = 0, HJA = 1), and whether the site had previously been
harvested in the last 100 years (no harvest = 0, harvest = 1). We also classified stand
age based on forest succession (0-20 years, 21-40 years, 41-80 years, > 100 years).
We log transformed values for number of years since disturbance, distance to road,
and distance to stream because the most extreme changes occur immediately after a
disturbance and distance variables spanned multiple orders of magnitude.

No single LiDAR acquisition covered our entire study region. Therefore, we
derived measures of forest canopy height and cover from data collected during 6
LiDAR acquisitions from 2008 to 2016 that overlapped portions of our study area: H.
J. Andrews Experimental Forest (2008), Willamette Valley (2009), Blue River
(2011), Lane County (2014), McKenzie River (2016), and Willamette-Sweet Home
(2016) acquisitions (downloaded from ftp://lidar.engr.oregonstate.edu; February
2020). Seasonal timing of LiDAR acquisitions varied from June to October,
coinciding with the snow-free portion of the growing season. Acquisition details of
flights varied (e.g., duration = 2-60 days; minimum flightline overlap = 50% - 100%;
maximum scan angle = 14 — 15, sensors included Leica ALS50 Phase II, ALS60
Phase II, ALS70 HP and ALS80), resulting in pulse densities ranging from 8 to 18
pulses m™. Initial exploration of LIDAR metrics indicated good agreement
(coefficient of determination > 0.9) between acquisitions (where overlap was
available) for the metrics used in this study: 95" percentile height, cover based on
point-cloud density, and cover based on canopy height models. Data delivered by the
vendor for each acquisition included (1) 1-m rasters of elevation at the ground
surface, (2) 1-m rasters of the elevation of the highest hit (i.e., top of canopy), and (3)
X, y, z coordinates of individual classified laser returns (.las or .l1az files). All data
were reprojected to UTM 10N prior to analysis using the sp (Pebesma and Bivand
2005) and raster (Hijmans 2022) packages.
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Community analysis and non-metric multi-dimensional scaling

We constructed a community matrix consisting of rows representing a site in a
particular session or year and columns representing a species or OTU. Values in the
matrix were either the number of reads for genetically assigned taxa for a single
sampling session, the mean counts of detections across 3 surveys in a single year for
songbird surveys, or a standardized count of detections per month for mammal
surveys. To simplify interpretation of results and to ensure temporal matching
between all taxonomic datasets, we only included songbird data from 2018 and
invertebrate data from the first trapping session (July 2018). We fit species
accumulation curves for each taxonomic group using the accumcomp function in the
BiodiversityR package (Kindt and Coe 2005) to compare species richness metrics
across previously logged sites and sites with no logging history within the last 100
years. Species accumulation curves allowed us to make comparisons between groups
with differing numbers of samples. We also calculated species richness for each age
class of forest (stand initiation: 0-20, canopy closure: 21-40, stem exclusion: 41-80,
and old growth: > 100 years since disturbance) to evaluate differences in taxa at each
forest successional stage.

To estimate species turnover (B-diversity), we calculated Jaccard’s
dissimilarity index to measure species differences between each site and the regional
species pool. This metric ranges from 0 (complete overlap in species composition) to
1 (complete mismatch in species composition). We partitioned B-diversity into
turnover and nestedness components using the betapart package (Baselga and Orme
2012) and then tested for relationships between B-diversity and dissimilarity in site
vegetation characteristics (Bray-Curtis distance) using a partial Mantel test (9999
permutations).

To examine differences in community compositions, we conducted non-
metric multidimensional scaling (NMDS) ordinations using the metaMDS function
(distance = bray, k = 3, maxit = 999, trymax = 500) in the vegan package (Oksanen et
al. 2020). We removed rare species that were present at fewer than 5% of sites (i.e., <
5 sites) to ensure convergence of community analysis models, and we relativized

species or OTU abundances by species maxima using the decostand function in the
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vegan package (Oksanen et al. 2020). Relativization in this way scales all values
between 0 and 1 and accounts for differences in abundances due to the year effect and
differences in behavior (e.g., flocking vs. solitary). We calculated correlations in
community composition with environmental variables using the envfit function (perm
=9999). Environmental vector lengths were standardized (range: 0 — 1) to facilitate
comparison between taxa. We also overlaid ellipses for each class of years since
disturbance at the 50% and 95% confidence limits using the ordiellipse function to
examine changes in community composition over time. To investigate whether
information from one taxon could be applied to other taxa, we repeated this analysis

for each taxon.

Generalized linear latent variable models, single species responses, and species traits
Using the main environmental variables with most explanatory power in the
NMDS community analyses, elevation and In(years since disturbance), we fitted
generalized linear latent variable models using a negative binomial distribution in the
gllvm package (Niku et al. 2019) to quantify the strength of response by each species
to these variables. To avoid overinterpretation of rare species, we only included
species that were detected at more than 10% of sites (> 10 sites). Once models were
fitted, we tallied the number of species in each taxon that had 95% confidence
intervals that were positive, negative, or overlapped 0. Because songbirds are one of
the best studied taxa, especially in North America, we further examined functional
relationships between species traits and the environmental gradients using the gllvim

package (Niku et al. 2019).

Results
We collected 380 pitfall trap samples, 248 Malaise trap samples, and 480 soil

core samples, and conducted 96 vegetation surveys, 1,446 songbird surveys, and
more than 12 months of camera trapping at all sites. We identified 1,134 fungal OTUs
from soil cores, 342 invertebrate OTUs from pitfall traps, 891 invertebrate OTUs
from Malaise traps, 61 bird species from songbird surveys, and 29 mammal species
from camera traps (Table 5.2). Species accumulation curves revealed that previously

logged areas had higher species richness across all taxa surveyed, except for
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overstory trees; overstory tree species richness was higher in unlogged stands (Figure
5.2). Trajectories of species accumulation since disturbance, however, varied by taxa
(Figure 5.3). Species richness was highest immediately after disturbance in the stand
initiation phase, then lowest during the stem exclusion phase, and slowly increased
with time for flying invertebrates and songbirds. Overstory tree species richness
followed a similar trajectory, but species richness was highest in old growth forests.
For mammals, species richness was lowest immediately after disturbance and slowly
increased with time and was highest in old growth forests. Woody understory
vegetation species richness was highest following disturbance and declined in mature
and old growth forests. Species richness of crawling invertebrates and fungi remained
relatively constant between years since disturbance classes. Species turnover (B-
diversity) was positively correlated with vegetation dissimilarity indices for woody
understory species, overstory tree species, fungi, songbirds, and mammals (Figure
S5.1).

After removing rare species and OTUs, our final dataset consisted of 9 tree
species, 27 understory species, 169 fungal OTUs, 43 pitfall trap species, 188 Malaise
trap species, 26 bird species, and 23 mammal classes. NMDS ordinations with the full
dataset of all taxa revealed that changes in community composition were most
correlated with an elevation-precipitation-temperature gradient and a forest structure
gradient (In(OGSI) and In(year since disturbance)) (Figure 5.4). Landscape variables
and on-the-ground vegetation survey variables had less explanatory power than
remotely sensed variables at the local scale.

When NMDS ordinations were performed on each sampling group separately
(e.g., Malaise trap species), we consistently found that the elevation-precipitation-
temperature gradient (hereafter elevation gradient) had the most explanatory power
for differences in community composition (vector lengths for elevation: 0.43 - 0.77;
Figure 5.5 and Figure 5.6). The forest structure-disturbance gradient, however, less
consistently added explanatory power to the elevation gradient (vector lengths for
In(y): 0.35 - 0.50). For example, the vector for log years since disturbance was almost
parallel to the elevation vector for crawling invertebrates, but the vector for log years

since disturbance was almost perpendicular to the elevation vector for flying
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invertebrates (Figure 5.5). Time since disturbance, number of coarse woody debris,
and density of cover between 2 — 4 m were informative variables of fungal
communities. Local scale (0.1 km buffer) disturbance variables (percent logged and
percent old growth) had the most explanatory power for bird and overstory tree
communities, whereas larger landscape scale (5.0 km buffer) variables for amount of
mature and old growth forest were more informative for understory vegetation,
mammal, crawling invertebrate, and flying invertebrate communities (Figure 5.6). Of
note, a binary variable for whether site was inside the HJA, a Long Term Ecological
Research site, and the easting of a site had high explanatory power (vector lengths for
easting: 0.44 - 0.67; vector lengths for HJIA: 0.38 - 0.59). When we overlaid ellipses
for classes of years since disturbance, we found community composition overlapped
substantially at the 95% confidence limits, but showed separation at the 50%
confidence limits between the stand initiation (class 0) and old growth (class 3) for
most taxa (Figure 5.7).

The proportion of species that benefitted from longer time since disturbance
differed by taxon in the generalized linear latent variable models (Figure 5.8). Nearly
half of the songbird (45.9%) and tree species (40%) responded positively to the
number of years since disturbance. Only 19.2% of woody understory species (0 - 2 m
in height e.g., Devil’s club, Pacific yew), on the other hand, responded positively to
the number of years since disturbance, but 61.5% of understory species responded
negatively to the number of years since disturbance (e.g., snowberry, Rubus spp.,
purshiana).

Functional traits of songbirds and environmental variables were correlated in a
predictable manner (Figure 5.9). Frugivorous birds were more abundant in areas that
were recently disturbed, and granivorous birds were more abundant at high
elevations. Bark foraging and deadwood foraging birds were more abundant in sites
that had a disturbance further back in time, and shrub foraging birds were more

abundant at low elevation sites.
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Discussion

Our analyses of multiple taxa biodiversity across gradients of elevation and
disturbance using a combination of next generation natural history methods and
traditional methods showed the importance of taking a holistic view of biodiversity
and highlighted the complexities of biodiversity conservation. In this temperate
rainforest in the Pacific Northwest, we found that previously logged forests had
higher species richness than previously unlogged forests. If biodiversity were simply
defined by the number of species found at the site level, previously logged forests
would be prioritized for conservation. Current definitions of biodiversity, however,
account for the greater landscape in which these sites exist, and in this study, we
found that species turnover (B-diversity) was associated with differences in vegetation
structure at the site and certain species in old growth forests were distinct from those
in recently disturbed forest. Even though many species were resilient to disturbance,
we found that many others benefited from longer times since disturbance. Moreover,
the information gained by studying one taxon was not obviously applicable to other
taxa; responses to site-level environmental variables and the relevant scales of
landscape-level environmental variables differed by taxa. Finally, the number of
species in each taxon varied by orders of magnitude (29 mammalian vs. 1,134 fungal
species) and distribution of each species differed greatly (few common, many rare
species), which also underscores the difficulty in taking a more holistic view of
biodiversity.

In this study, we quantified the relationship between species richness and time
since disturbance by substituting space for time. This relationship had only been
hypothesized prior to this study (Franklin et al. 2018). As Franklin et al. expected, we
observed the highest number of woody understory plant, flying insect, and songbird
species with the opening of the canopy and penetration of light into the forest floor,
which was followed by a steep decrease in species richness with canopy closure and
stem exclusion stages (Figure 5.3). Species richness for these taxa increased with time
since stem exclusion, but not to the high levels immediately following disturbance.

Species richness of mammals and overstory trees in these sites, however, was lowest
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either immediately after disturbance or during the stem exclusion stage and highest in
old growth stands. For these taxa, time was necessary to restore high species richness.

These findings are consistent with some studies where total species richness
decreased as forests matured (Miiller et al. 2023), but contrasted with other studies in
forested systems that showed increased species richness, diversity, and abundance as
forests became more mature (Owen et al. 2020). Similar to these studies, we also
found a trend where older logged stands more closely resembled those of old growth
stands (Owen et al. 2020, Miiller et al. 2023).

Differences in community composition varied in predictable ways for each
taxon surveyed and functional traits of species were predictably related to
environmental gradients. Songbirds, which were the most mobile taxon, responded
strongest to the elevation gradient and topographic position at the largest scale.
Songbirds also had the smallest relative territory sizes and therefore responded
strongest to the smallest scale for the amount of area previously logged and amount of
old growth. Songbird functional traits related to dead wood were positively related to
longer time since disturbance, suggesting that communities are shifting in predictable
ways because of changes in resources. Fungal communities were strongly related to
the amount of coarse woody debris and the density of understory cover, which
provide substrate and a microclimate conducive to fungal growth. Mammal
communities were also strongly related to the density of understory vegetation, which
may provide cover from predation for small mammals.

We were particularly surprised to find that the binary variable for whether a
site was inside or outside the HJA and the east-west gradient were almost as good of a
predictor of community composition as the elevation gradient (Figure 5.6). The HJA
variable was correlated with the landscape variables such as percentage of mature
stands (Pearson’s r = 0.57) and old growth stands (Pearson’s r = 0.65), which could
be related to legacy effects of human disturbance and differences in current forest
management strategies. The east-west gradient was correlated with the elevation
gradient (Pearson’s r = 0.61) but could also represent differences in sites at a larger
scale than we examined, such as geophysical or meteorological gradients (e.g.,

orographic effect).
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It must be noted that we conducted our study on public land in the National
Forest system that is managed by the USDA Forest Service. As such, the greater
landscape that our study area is located within is different from those located within
privately managed plantation forests. In addition to a greater area of older forests on
federal lands, a larger proportion of these older forests are considered core or core-
edge indicating that older forests on federal lands are less fragmented and more
contiguous (Davis et al. 2015). We speculate that the forests surrounding each site
could be critical in determining the trajectory of the site over time because the
surrounding stands could provide biota that could recolonize the stands over time,
especially species that are dispersal limited (Leibold et al. 2004).

We were also unable to examine the more nuanced aspects of timber harvest
in the Pacific Northwest. Many stands typically received herbicide or pesticide
treatments, burned, etc. to increase the volume and speed of growth of merchantable
timber and timber harvesting strategies on federal land can be less intense (i.e.,
thinning or longer plantation rotation cycles from planting to harvest) than the typical
clearcutting that occurs on industrial forest land. These practices likely impact the
biodiversity that remains after these disturbances and the trajectories of biodiversity
accumulation following the disturbance. The discussions on land-sparing vs. land-
sharing are relevant to biodiversity conservation in this system (Phalan et al. 2011,
2016, Betts et al. 2021), but we were unable to address these differences in this study.

Next generation natural history methods allowed us to survey numerous taxa
at a broad spatial extent and have numerous replicates of sites representing each
disturbance class we were interested in. Previous studies that have attempted to
survey multiple taxonomic groups were only able to include a few different taxa (e.g.,
birds, dung beetles, and ants or vegetation, birds, invertebrates, and ungulates) at few
sites (n = 18, 32) (Edwards et al. 2014, Kormann et al. 2021). In this study, we were
able to replicate our simultaneous biodiversity surveys at 96 sites and leverage data at
145 additional sites for vegetation and songbird communities, but we were not able to
survey amphibians, reptiles, and other biota associated with aquatic systems or those
located in the forest canopy (e.g., lichens and mosses). Future studies should continue

to increase the number of sites surveyed to increase the power to detect statistical



193

differences in stand types and incorporate repeated sampling at each site to account
for differences in detection probabilities of each species. With single sampling
occasions, false negative responses may be overpowering our ability to detect
changes in community compositions.

Forests, particularly old growth forests, remain an important system for
maintaining biodiversity and supporting a variety of taxa. Our study highlights the
complexity of biodiversity conservation and the need to take a taxonomically
comprehensive approach to biodiversity conservation and valuation of old growth
forest. In addition, it is important to keep in mind that old growth stands in the Pacific
Northwest are valued for reasons other than biodiversity; old growth stands have
societal values for aesthetic and spiritual qualities, and these values were not captured
by this study and must be considered when constructing land-use policies (Spies

2004).
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Table 5.1. Biotic and abiotic variables used to examine differences in taxonomic communities from biodiversity surveys conducted
during 2017-2019 in the Oregon Cascades.

. . o . Raster
Variable Units  Description Range Res (m)
Micro-Site Level*
sp.rich species Number of woody vegetation species (species richness) 2-4 m in height 1-7 NA
canopy start m Height at which live canopy begins 2-74 NA
num.trees.live trees Number of live trees counted with BAF prism 2-37 NA
num.trees.broad trees Number of broadleaf evergreen trees counted with BAF prism 0-5 NA
cwd vol m? Volume of coarse woody debris measured along N-S or E-W transect 0-2,057 NA
Site Level
e m Bare earth elevation derived from LiDAR! 415-1,563 1
mint (maxt) °C Average minimum (maximum) annual temperature? (1151 ; i? 6.8) 1,000
precip mm Average annual precipitation? 1,825 -2,737 1,000
ht m Canopy height derived from LiDAR' 0-75 1
y, logy years Years since disturbance’ 1 -100 NA
o, logo NA Old Growth Structural Index (OGSI) derived from GNN analyses 0-385 30
d.road, log(d.r) m Distance to road? 0-941 NA
d.stream, log(d.s) m Distance to perennial stream? 0-1,436 NA
HJA NA Binary: site is within the HJA (0) or outside the HJA (1) 0,1 NA
cover 2m-4m % Percent understory cover (2 — 4 m) derived from LiDAR! 0-0.81 30
cover_4m-16m % Percent canopy cover (4 — 16 m) derived from LiDAR! 0-1.00 30
BI-B11 Landsat band values and values derived from Landsat bands (Normalized
NDVI fEVI NA Difference Vegetation Index [NDVI], Enhanced Vegetation Index [EVI]) -00 - 00 30

from 17 July 2018
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Landscape Level

p.logged %
p.mature %
p.old %
TPI

Percent logged within the last 100 years at buffer sizes of 0.1, 0.5, 1.0 and
5.0 km

Percent mature forest (> OGSI80) at buffer sizes of 0.1, 0.5, 1.0 and 5.0 km
Percent old growth (> OGSI200) at buffer sizes of 0.1, 0.5, 1.0, and 5.0 km
Topographic Position Index (TPI) at buffer sizes of XX, 0.25, 0.5, and 1.0
km

0-100

0-100
0-100

-103 - 132

30
30

1

 from vegetation surveys

Sources:
'LiDAR

2 Oregon Explorer: https://oregonexplorer.info

3 USDA Forest Service

* LEMMA project: https://lemma.forestry.oregonstate.edu/data/structure-maps


https://oregonexplorer.info/
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Table 5.2. Summary of taxa identified during biodiversity surveys in the Willamette National Forest in the Oregon Cascades during
2017-2019.

Taxon Method Num. Num. Num. Num. Num. Num. Num.
Samples Species Genera Families Orders Classes Phyla
Fungus Soil core 480 499 240 150 84 36 10
Tree Survey 237 15 10 7 5 2 1
Understory woody plants ~ Survey 239 55 41 20 15 2 1
Invertebrate Pitfall trap 380 342 158 114 27 8 4
Invertebrate Malaise trap 248 891 450 167 18 2 1
Songbird Point Count Survey — 1,446" 61 51 25 1 1
Mammal Camera trap > 12 months 29 28 16 5 1 1

3 point count surveys per year for 2 years at 241 sites
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Figure 5.1. A) Study area and multi-taxa biodiversity survey locations (black dots) within the
Willamette National Forest in the Cascade Range of Oregon, USA. The H.J. Andrews
Experimental Forest shown as gray polygon. B) Multi-taxa survey design at each location. At
each location, we surveyed vegetation within a 12.5 m radius plot, fungi using soil cores taken at
plot center and in each cardinal direction 10 m apart, ground-dwelling invertebrates using pitfall
traps located 10 m and 20 m from plot center in each cardinal direction, flying invertebrates
using Malaise traps located at plot center, songbirds using point count surveys from plot center,
and mammals using a baited camera trap located at plot center. C) Photographs of young
Douglas fir plantation (far left), Douglas fir plantation in stem exclusion phase (center left),
mature forest (center right), and old growth forest (far right).
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Figure 5.2. Species accumulation curves for all taxa separated by logged (yellow) or not logged within the last century (black). For
crawling (pitfall trap) and flying (Malaise trap) invertebrates, second session (August 2018) of sampling shown in green (logged) and
blue (not logged within the last century).
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Figure 5.3. Box plots of species richness of each taxon by years since disturbance class (0: 0-20
years, 1: 21-40 years, 2: 41-80 years, 3: > 100 years). Horizontal line in box plot represents the
median, box represents 25" and 75" percentiles, and whiskers represent minimum and maximum
values or 1.5-fold the inter-quartile range. Outliers (> 1.5-fold the inter-quartile range) shown as
black dots.
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Figure 5.4. Non-metric multi-dimensional scaling (NMDS) ordinations with all taxa included (distance = Bray-Curtis) overlaid with
environmental vectors (red arrows). Grey dots represent sampling sites. Site variables, elevation-temperature gradients and natural log
of old growth structural index (Ino) were best at explaining differences in community composition. Landscape gradients and ground-
surveyed variables also overlaid. See Table 5.1 for environmental variable descriptions.
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Figure 5.5. Non-metric multi-dimensional scaling (NMDS; distance = Bray-Curtis) with environmental vectors overlaid (red arrows).
Grey dots represent sampling sites. Plots rotated to align with elevation (e) vector. Differences in communities of all taxa were

strongly correlated to an elevation-temperature gradient and a disturbance-old-growth gradient. See Table 5.1 for environmental
variable descriptions.
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Figure 5.6. Standardized vector length (range: 0-1) of non-metric multi-dimensional
scaling (NMDS; distance = Bray-Curtis) with local site environmental variables and
landscape level variables at varying buffer sizes (0.1, 0.25, 0.5, 1.0, and 5.0 km).
Vector length indicates correlation of variable with site and species dissimilarity.
Strongest correlation among all taxa was with elevation. Songbird and tree
communities were most strongly correlated to the amount of old growth at the local
scale, whereas Malaise invertebrate, pitfall invertebrate, mammal, and understory
communities were most strongly correlated to the amount of old growth in the
broader landscape scale.
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Figure 5.7. Non-metric multidimensional scaling with forest age class ellipses (50% confidence limit; 0 = stand initiation, 1 = canopy
closure, 2 = stem exclusion phase, 3 = old growth stand). Substantial overlap in community composition between most classes but
some separation between stand initiation and old growth stands for most taxa.
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Figure 5.8. Percent of species within each taxon that have a positive (blue), negative
(red), or no relationship with number of years since disturbance. Number of species
provided within each bar.
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Figure 5.9. Correlation coefficients between environmental variables (e = elevation, Iny = log transformed years since disturbance,
and o = old growth structural index) and songbird species traits. High elevation sites were associated with seed-eating songbirds,
whereas low elevation sites were associated with ground, cup, and cavity nesting species. Recent disturbance and low old growth
structural index were associated with fruit-eating songbirds. Evidence of decoupling between number of years since disturbance and
dead wood for foraging location and nest structures.
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CHAPTER 6 — GENERAL CONCLUSIONS

The temperate rainforests of the Pacific Northwest harbor a great diversity of
biota. Previously, conservation and management of this biodiversity had been limited
by our ability to study these organisms and their interactions, but next generation
natural history methods now allow us to do exactly that. From studying individual
organisms to entire communities, we now have better ways to understand the natural
world, its response to emerging threats, and the impact that humans are currently
having on it. My hope is that the research I conducted in this dissertation has

contributed to this knowledge and that it will lead to better coexistence.

In chapters 2 and 3, I focused my efforts on increasing our knowledge
concerning the natural history of a single, understudied forest-associated small
carnivore, the western spotted skunk. In chapter 2, I used DNA metabarcoding to
investigate the foraging ecology of western spotted skunks. I demonstrated that as
diet generalists who consumed a wide variety of prey items including vertebrates,
invertebrates, and plants, western spotted skunks occupy a key position in the Pacific
Northwest food web by providing connections between the arboreal, terrestrial, and
aquatic systems. In addition, I showed that western spotted skunks exhibited prey
switching behavior between the wet and dry season and their diets were less likely to
contain insects when a greater proportion of the landscape surrounding the scat
location (1 km buffer) consisted of previously logged forest. Given the high plasticity
in their diet, I showed that western spotted skunks may be resilient to disturbance and
loss of old growth forest, and they may possess the ability to withstand environmental

change that are predicted by climate change with respect to diet.

In chapter 3, I explored the spatial ecology of western spotted skunks by
systematically placing camera traps on the landscape and radio-collaring individual
animals. As a common species in the temperate rainforests of the Pacific Northwest,
western spotted skunks were both widely distributed and highly detectable with bait.
At both home range and landscape scales, dynamic occupancy models and resource
selection functions revealed that western spotted skunks were more likely to occupy

and select for wetter areas and local valleys that are more likely to provide food items



230

and other resources. At the home range scale, I showed that western spotted skunks
likely avoided predation by selecting areas with dense understory vegetation and
selected areas surrounded by more previously logged forest (1 km scale). At the
population and landscape scale, however, western spotted skunk occupancy was
higher at sites that were surrounded by more mature forest (5 km scale). In addition to
determining their habitat requirements at the home range and landscape scale, and
perhaps more importantly, I showed that western spotted skunks exhibited
individualistic habitat selection strategies and have unusually large home ranges
compared to other similarly sized carnivores. Because of their large home ranges,
western spotted skunks may not require forests of a specific age; instead, they may
require large contiguous forest patches. Finally, I showed that western spotted skunk
distribution may be limited along the elevational gradient by their sensitivity to cold
temperatures and snow accumulation. In the face of climate change, this limitation
may be significant because a severe heavy snow event in February 2019, which may

be more frequent in the future, caused a large decline in seasonal occupancy rates.

In chapter 4, I explored methods of quantifying the abundance of a single
taxonomic group, the small mammal community, in old growth stands. Without
methods to accurately estimate the abundance of species, we are limited to treating
species as either present or absent and limited in our ability to detect nuanced
relationships between species and communities and environmental variables. By
pairing capture-recapture data, where individual identities are known, with unmarked
camera trap data, where identities of individuals are unknown, I compared the
performance of a suite of unmarked methods including average encounter rates, N-
mixture models, time-to-event, space-to-event, and unmarked spatial-capture
recapture models for estimating densities of deer mice, Townsend’s chipmunks, and
Humboldt flying squirrels at 8 independent sites. I was able to produce accurate
density estimates using multiple unmarked models for Townsend’s chipmunks, a
species for which the sampling scheme fit its natural history and occurred at medium
densities at the sites studied. Despite its simplicity, average encounter rates
consistently yielded positively correlated relative density estimates in relation to

marked model density estimates for all three species tested. My results suggest that
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these simple metrics can distinguish between areas of low and high density with as
little as one night’s worth of data. These empirical results provide a way forward to
rapidly estimate densities of small mammals across large spatial extents with less
effort than traditional invasive capture-recapture methods. Without direct measures of
small mammal abundance, we are limited to using vegetation structure and
composition metrics as a proxy for small mammal abundance, which can vary widely,
even within old growth stands. As such, these abundance estimates can be useful for
elucidating more direct relationships between multiple taxonomic groups and trophic
levels such as interactions between vegetation structure and carnivore populations

that depend on small mammals as prey.

Finally in chapter 5, I quantified biodiversity of multiple taxa harbored in
temperate rainforest stands and disentangled the effects of elevation and time since
disturbance on changes in community composition. I found that sites in previously
logged forests generally had higher species diversity across all taxa except for
overstory trees, but sites in old growth forests had distinct communities. Even though
many species were resilient to disturbance, many species benefited from longer times
since disturbance in terms of abundance. Patterns observed in one taxon were not
immediately apparent in other taxa and each taxon responded differently to site-level
and landscape-level environmental variables, suggesting that studying one species let
alone one taxon is not sufficient to make landscape-level conservation or
management decisions. The results of this chapter also underscored the importance of
single species knowledge, like the knowledge gained in chapters 2 and 3 of this
dissertation, can be used to understand the mechanisms for trends and relationships
identified in ecosystem and community level response.

Overall, the research constituting this dissertation has provided insights to
understanding the complexities of temperate rainforests of the Pacific Northwest. [
have contributed knowledge concerning the responses of organisms to disturbances
and the role of old growth forests at multiple scales including at the individual,
species, taxonomic group, and ecosystem levels. By providing baseline biodiversity
data that are efficient, reliable, and replicable, I provided a critical comparison point

for future studies. In particular, since collecting the data used in this dissertation, the
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H. J. Andrews Experimental Forest and surrounding areas have experienced two large
wildfires: the 2020 Holiday Farm Fire and the 2023 Lookout Fire. Approximately
half of the sites where we collected biodiversity data have burned at mixed severities.
These pre-fire data provide a valuable opportunity to understand the effects of fire
and species accumulation processes and generate new testable hypotheses
surrounding these concepts. Ultimately, I hope that this research demonstrates the
importance of collecting basic ecology and natural history data in advancing our

scientific knowledge.
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APPENDICES

Appendix 1. Supplementary materials for chapter 2.

Supplemental Text S2.1. PCR specifications and thermocycling programs

Each 12S and trnLL. PCR was carried out in a total volume of 20 pL using the following reagent
mixtures: 10 pL QIAGEN Multiplex PCR Master Mix, 4 pL of forward and reverse primer mix
for a final primer concentration of 200 nM, 0.2 pL of bovine serum albumin (BSA), 0.8 puL of
water, and 1 pL of DNA template. After 15 minutes of initial denaturation at 95°C, we
conducted 40 cycles of 94°C for 30 seconds, 58°C for 90 seconds, 72°C for 90 seconds, and a
final extension at 72°C for 10 minutes. Each COI PCR was carried out in a total volume of 20 puL
using the following reagent mixtures: 4 uL of GoTaq Flexi Buffer, 1.2 pL of MgCl,, 0.132 pL of
GoTaq Polymerase, 0.4 uL of dNTPs, 0.064 uL of BSA, 6.204 uL of water, 4 uL. of each primer
for a final concentration of 200 nM, and 4 pL of final DNA extract elution. After 2 minutes of
initial denaturation at 95°C, we conducted 5 cycles of 94°C for 60 seconds, 45°C for 90 seconds,
72°C for 90 seconds, followed by 40 cycles of 94°C for 60 seconds, 50°C for 90 seconds, 72°C
for 60 seconds, and a final extension at 72°C for 7 minutes.
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Supplemental Text S2.2. Bioinformatics pipeline

1. Pair reads from HiSeq 3000 using PEAR
pearrun -f lane8-s001-index-ATCACG-LibA_S1 L008 R1 001.fastq -r lane8-s001-index-
ATCACG-LibA_S1 L008 R2 001.fastq -n 80 -j 12 -0 ./PAIRED/SetA.pear.fastq
2. demultiplex paired reads and BLAST against NCBI database
#!/bin/bash
while read sample lib_index lib f barcode r barcode f primer r primer locus
do
SampleID=$(echo $sample" LIB "$lib" FBAR "$f barcode" RBAR "$r barcode" LOCUS "$locus)
DIR=$(echo "LIB_"$lib)
[ -d $DIR ] || mkdir $DIR
#Make reverse complements of our primer sets
f primer adj=$(echo $f primer|sed 's/Y/[CT]/g'|sed 's/yW/[AT]/g")
r_primer_adj=$(echo $r_primer|sed 's/Y/[CT]/g'|sed 's/W/[AT]/g")

f search=$f barcode$f primer adj
rcf search=$(echo $f barcode$f primer adjlrevjtr ACGT[] TGCA])
r_search=$r barcode$r primer adj
rcr_search=$(echo $r_barcode$r primer_adjlrev|tr ACGT[] TGCA][)

foriin $2
do
grep -oP '(?<='$f search').*(?='$rcr_search')' $i| sed 's/"/>\n/g' >>
$DIR/$SamplelD.fasta
grep -oP '(?<='$r_search').*(?='$rcf search')' $ijtr ACGT TGCA| rev | sed
's/A>\n/g' >> $DIR/$SamplelD.fasta

cat $DIR/$SamplelD.fasta | fastx_collapser > $DIR/$SamplelD.clust.fasta
if [ "$locus" =="12s" |
then

MIDORIDB="/nfs1/FW_HMSC/Levi_Lab/Databases/MIDORIpluslocal UNIQUE 202006

18 srRNA SINTAX.fasta"

VERTMINPROB=0.8

usearch -threads 1 -sintax $DIR/$SamplelD.clust.fasta \

-db ${MIDORIDB} -strand plus -sintax_cutoff ${VERTMINPROB} \
-tabbedout $DIR/$SamplelD.clust.fasta.usearch

blastn -db /nfs1/FW_HMSC/Levi_Lab/Databases/Marten.Nov2019.Blast.fasta \
-query $DIR/$SamplelD.clust.fasta \
-outfmt "6 gseqid sseqid sscinames staxids pident qcovs evalue bitscore qseq

sseq" \
-max_target seqs 1 -evalue 1e-5\
>> $DIR/$SamplelD.clust.fasta.assigned
blastn -db /nfs1/FW_HMSC/Levi_Lab/Databases/nt_12s_eukaryotes \
-query $DIR/$SamplelD.clust.fasta \
-outfmt "6 gseqid sseqid sscinames staxids pident qcovs evalue bitscore qseq
sseq" \

-max_target seqs 1 -evalue le-5 \
>> $DIR/$SamplelD.clust.fasta.assigned
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awk -F "\t" '$8 > maxvals[$1] {lines[$1]=$0 ; maxvals[$1]=$8 }END ({ for (tag

in lines) print lines[tag] }' $DIR/$SamplelD.clust.fasta.assigned | sort -nk1 >
$DIR/$SamplelD.clust.fasta.assigned.bestmatch
elif [ "$locus" == "COI" ]
then
MIDORIDBCOI="/nfs1/FW_HMSC/Levi_Lab/Databases/MIDORI UNIQUE 20180221 COI SINTA
X.fasta"

INVERTMINPROB=0.8

usearch -threads 1 -sintax $DIR/$SampleID.clust.fasta \

-db ${MIDORIDBCOI} -strand plus -sintax _cutoff ${INVERTMINPROB} \
-tabbedout $DIR/$SamplelD.clust.fasta.usearch

blastn -db /nfs1/FW_HMSC/Levi_Lab/Databases/nt_COI_eukaryotes \

-query $DIR/$SamplelD.clust.fasta \

-outfimt "6 gseqid sseqid sscinames staxids pident qcovs evalue bitscore qseq
sseq" \

-max_target seqs 1 -evalue le-5 \

>> §DIR/$SamplelD.clust.fasta.assigned

cat $DIR/$SamplelD.clust.fasta.assigned | sort -nk1 >
$DIR/$SamplelD.clust.fasta.assigned.bestmatch

elif [ "$locus" =="ITS" ]
then
ITS="/nfs1/FW_HMSC/Levi_Lab/Databases/sh_general release dynamic_s 02.02.2019.fasta"
ITSMINPROB=0.8
usearch -threads 1 -sintax $DIR/$SamplelD.clust.fasta \
-db ${ITS} -strand plus -sintax_cutoff $ {ITSMINPROB} \
-tabbedout $DIR/$SamplelD.clust.fasta.usearch

blastn -db
/nfs1/FW_HMSC/Levi_Lab/Databases/sh_general release _dynamic_s 02.02.2019.fasta \
-query $DIR/$SamplelD.clust.fasta \
-outfmt "6 gseqid sseqid sscinames staxids pident qcovs evalue bitscore gseq sseq" \
-max_target seqs 1 -evalue le-5 \
>> §DIR/$SamplelD.clust.fasta.assigned

cat $DIR/$SamplelD.clust.fasta.assigned | sort -nk1 >
$DIR/$SamplelD.clust.fasta.assigned.bestmatch

elif [ "$locus" == "trnL" ]
then

blastn -db /nfs1/FW_HMSC/Levi_Lab/Databases/trnl._Kwhite.fasta -task
blastn-short \

-query $DIR/$SamplelD.clust.fasta \

-outfmt "6 gseqid sseqid sscinames staxids pident qcovs evalue bitscore gseq
sseq" \

-max_target seqs 1 -evalue le-5\

>> $DIR/$SamplelD.clust.fasta. ALASKA .assigned

cat $DIR/$SamplelD.clust.fasta. ALASKA .assigned | sort -nk1 >

$DIR/$SamplelD.clust.fasta. ALASK A .assigned.bestmatch

blastn -db /nfs1/FW_HMSC/Levi_Lab/Databases/trnLsequences_nospace.fasta -
task blastn-short \
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-query $DIR/$SamplelD.clust.fasta \
-outfmt "6 gseqid sseqid sscinames staxids pident qcovs evalue bitscore qseq
sseq" \
-max_target seqs 1 -evalue 1e-5\
>> $DIR/$SamplelD.clust.fasta.trnLnew.assigned
cat $DIR/$SamplelD.clust.fasta.trnLnew.assigned | sort -nk1 >
$DIR/$SamplelD.clust.fasta.trnLnew.assigned.bestmatch

else

blastn -db nt \

-query $DIR/$SamplelD.clust.fasta \

-task blastn -outfmt "6 gseqid sseqid sscinames staxids pident qcovs evalue
bitscore gseq sseq" \

-max_target seqs 1 -evalue le-5\

>> $DIR/$SamplelD.clust.fasta.assigned

cat $DIR/$SamplelD.clust.fasta.assigned | sort -nk1 >
$DIR/$SamplelD.clust.fasta.assigned.bestmatch

fi
done
done<$1
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Figure S2.1. Weekly climate values for Lane County, Oregon during 2017 —2019. (A) Values indicating the percentage of county in
drought categories of abnormally dry (DO0), moderate drought (D1), severe drought (D2), extreme drought (D3) and exceptional
drought (D4). (B) Mean temperature difference (°C) compared to mean monthly temperature calculated from data from 1901 — 2000.
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Figure S2.2. Relative read abundances of (A) invertebrates, (B) vertebrates, and (C) plants in western spotted skunks (Spilogale
gracilis) diets during 2017-2019 in the Willamette National Forest near Blue River, Oregon. Note figure only represents diet items
identified through DNA metabarcoding.
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Figure S2.3. Plant diet of western spotted skunks (Spilogale gracilis) identified through DNA metabarcoding. (A) Plant identified in
all scats collected from 2017-2019 (n = 37), (B) plants identified in scats collected during the dry season (n = 18), and (C) plants
identified in scats collected during the wet season (n = 19) in the Willamette National Forest.
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Table S3.1. Relocation counts, home range size, and core area for each western spotted skunk (Spilogale gracilis) captured between
August 2017 — August 2019 in the Willamette National Forest, Oregon. Values in parentheses represent 95% confidence intervals of
home range and core area size.

Total  Initial
Capture Length mass Total
Animal ID Sex Date (cm) (2) Locations Home Range (km?) Core Area (km?)
SG-001 1 M 12-Oct-2017  41.1 550 85 11.83 (9.29 - 14.67) 2.72 (2.14-3.37)
SG-001 2 M 10-May-2018 41.1 550 92 10.57 (7.64 - 13.96) 2.05(1.48-2.71)
SG-002 M 12-Oct-2017  42.0 760 21 33.85 (14.95 - 60.33) 9.31 (4.11-16.59)
SG-003 M 12-Oct-2017  40.8 475 48 22.92 (16.20 - 30.80) 3.89 (2.75 - 5.23)
SG-004 M 13-Oct-2017  43.5 675 21 12.46 (7.49 - 18.67) 2.59 (1.56 - 3.88)
SG-005 F 14-Oct-2017  38.0 385 58 11.22 (8.45 - 14.37) 2.55(1.92-3.27)
SG-006 M 18-Oct-2017  43.1 615 166 37.13 (31.56 - 43.15) 6.32 (5.37-7.34)
SG-007 F 25-Oct-2017  37.0 365 30 18.99 (9.89 - 31.01) 4.89 (2.55-7.98)
SG-008 F 09-Feb-2018  39.4 435 139 8.27 (6.91 - 9.74) 1.89 (1.58 -2.23)
SG-009 F 25-Mar-2018 37.2 325 219 8.73 (7.31-10.27) 2.34 (1.96 - 2.76)
SG-010 M 16-Apr-2018  39.3 390 100 12.67 (7.72 - 18.82) 2.22 (1.35-3.29)
SG-011 M 18-Apr2018 435 555 114 3538 (24.93-47.63)  7.58 (5.34 - 10.20)
SG-012 M 05-Sep-2018  44.0 585 13 12.96 (5.14 - 24.34) 3.18 (1.26 - 5.98)
SG-013 M 08-Sep-2018  44.3 610 42 27.44 (16.15 - 41.69) 5.51(3.24 - 8.37)
SG-014 M 16-Sep-2018  43.0 495 31 19.73 (12.10 - 29.21) 4.28 (2.62 - 6.34)
SG-015 F 17-Sep-2018  37.5 385 70 5.55(4.29 - 6.96) 0.94 (0.72 - 1.17)
SG-016 F 18-Sep-2018  40.3 445 12 29.62 (14.77 - 49.54) 6.04 (3.01 - 10.10)
SG-017 F 27-Sep-2018  39.3 345 31 9.73 (6.30-13.91) 1.94 (1.25-2.77)
SG-018 F 03-Oct-2018  36.5 445 31 7.51 (4.10-11.92) 2.11 (1.15-3.395)



SG-019
SG-020
SG-021
SG-022
SG-023
SG-024
SG-025
SG-026
SG-027
SG-028
SG-029
SG-030
SG-031

TETETEEEELELTE

06-Oct-2018
10-Oct-2018
11-Oct-2018
19-Oct-2018
23-Apr-2019
24-Apr-2019
04-Jul-2019
20-Aug-2019
20-Aug-2019
20-Aug-2019
23-Aug-2019
23-Aug-2019
27-Aug-2019

43.9
40.0
43.3
43.0
47.0
39.5
42.3
40.3
35.7
39.1
354
38.5
35.7

640
395
545
685
625
555
685
455
355
415
350
500
405

121

W~ N
NN O

—_— W = N W W W W

23.42 (16.01 - 32.20)
2.97 (1.96 - 4.18)
27.56 (17.05 - 40.55)
20.02 (11.32 - 31.16)
75.56 (20.58 - 165.61)
NA

36.18 (9.86 - 79.30)
NA

NA

NA

NA

NA

NA

6.01 (4.11 - 8.27)
0.89 (0.59 - 1.26)
6.77 (4.19 - 9.96)
5.16 (2.92 - 8.03)
19.47 (5.3 - 42.67)
NA

9.28 (2.53 - 20.34)
NA

NA

NA

NA

NA

NA
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Table S3.2. Comparison of hypothesis models from dynamic occupancy analysis of
camera trap detections of western spotted skunks (Spilogale gracilis) in the Oregon

Cascades.
Model K AlCce Delta AICc AICcWt Cum.Wt LL
psi.resource 6 5389.77 0 0.57 0.57 -2688.48
psi.thermal 5 539191 2.15 0.19 0.76 -2690.67
psi.disturbance 5  5392.82 3.06 0.12 0.89 -2691.13
psi.predation 5  5393.51 3.74 0.09 0.97 -2691.47
null 4  5396.01 6.24 0.03 1.00 -2693.82




Table S3.3. Coefficients for final dynamic occupancy model of western spotted

skunks in the Oregon Cascades during 2017-2019.
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Parameter  Variable Category P estimate 95% CI SE
BAIT Temporal -0.09 (-0.12--0.07)  0.01
SPRING Temporal -0.56 (-0.75--0.36)  0.10
SUMMER Temporal -1.03 (-1.22--0.83)  0.10
2018 Temporal 0.25 (0.09-0.4) 0.08
Detection 2019 Temporal 0.36 (-0.09-0.82)  0.23
P MATURE.SKM Disturbance 0.99 (-0.33-2.3) 0.67
Initial B4 Resource -1.23 (-3.57-1.1) 1.19
occupancy TOPO POS.1KM Resource -0.71 (-1.58-0.17) 045
TRI Predation 0.25 (-0.14-0.64)  0.20
B6 Resource -0.69 (-1.2--0.19) 0.26
SPRING Temporal -1.05 (-2.76-0.66)  0.87
SUMMER Temporal 1.70 (0.7-2.69) 0.51
Colonization ABAM Thermal -0.53 (-1.16-0.1) 0.32
LOG(YRSSINCEDIST) Disturbance -1.47 (-3.27-0.33)  0.92
P MATURE.5SKM Disturbance -0.40 (-0.8--0.01) 0.20
YRSSINCEDIST Disturbance 0.88 (-0.61-2.37)  0.76
TOPO POS.500M Resource 0.45 (0.07-0.83) 0.19
SPRING Temporal 1.10 (0.25-1.95) 0.43
SUMMER Temporal -0.39 (-1.29-0.52) 0.46
2018 Temporal 1.04 (0.35-1.72) 0.35
ABAM Thermal 0.65 (-0.26-1.55)  0.46
ELEVATION Thermal -5.14 (-8.13--2.15) 1.53
Extinction ELEVATION"2 Thermal 5.76 (2.48-9.04) 1.67
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Table S3.4. Comparison of hypothesis models from home range level resource
selection analysis of camera trap detections of western spotted skunks (Spilogale
gracilis) in the Oregon Cascades.

Model K AICe Delta AICc AICcWt Cum.Wt LL

Disturbance 6 12336.3 0 1 1 -6162.2
Predation 4 12409.4 73.1 <0.001 1 -6200.7
Resources 8 12434.5 98.2 <0.001 1 -6209.3
Thermal Tolerance 8 12469.8 133.5 <0.001 1 -6226.9
null 2 12551.9 215.6 <0.001 1 -6273.9
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Table S3.5. AICc table comparing western spotted skunk resource selection
functions including a term for random intercept by individual and random slope for
one environmental variable by individual.

delta
model name model AlCc K
glob.random10 global + (elevation + elevation”2|animal ID) 0 24
glob.random2  global + (p.logged.1km|animal ID) 43 .4 21
glob.random7  global + (dist.waterbody|animal ID) 67.4 21
glob.random6  global + (TPL 1km|animal ID) 108.8 21
glob.random13 global + (PSME|animal ID) 117.4 21
glob.random8  global + (snag density|animal ID) 117.9 21
glob.random11 global + (northness|animal ID) 118.3 21
glob.random global + (TRI|animal ID) 118.6 21
glob.random5  global + (p25/animal ID) 124.0 21
glob.random3  global + (p.mature.0.1km|animal ID) 124.8 21
global global 130.1 19
glob.random4  global + (dist.road|animal ID) 131.8 21
glob.random14 global + (TSHE|animal ID) 133.0 21
glob.random9  global + (B4|animal ID) 133.5 21
glob.random12 global + (ACMA |animal ID) 133.8 21

null null 590.8 2
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Table S3.6. Coefficients for resource selection model without random slope variable
of western spotted skunks in the Oregon Cascades during 2017-2019.

Category Variable p Estimate Std. Error P
INTERCEPT -2.81 0.31 <0.001
Disturbance  DIST.ROAD -0.15 0.06 0.01
LOG(DIST.ROAD) -0.15 0.03 <0.001
P LOGGED.R1000 0.17 0.03 <0.001
P MATURE.R100 -0.02 0.03 0.56
Predation TRI -0.22 0.03 <0.001
P25 -0.13 0.03 <0.001
Resource TPI1.1000M -0.29 0.04 <0.001
DIST.STREAM -0.06 0.05 0.22
LOG(DIST.STREAM) 0.02 0.05 0.67
STPH -0.03 0.03 0.35
B4 -0.12 0.04 0.01
Thermal ELEV -0.004 0.04 0.93
ELEV"2 -0.01 0.03 0.68
NORTHNESS 0.28 0.04 <0.001
ACMA -0.08 0.03 0.02
PSME 0.02 0.03 0.57
TSHE 0.03 0.03 0.38
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Table S3.7. Coefficients for final resource selection function model with random
slopes for elevation by individual of western spotted skunks in the Oregon Cascades

during 2017-2019.

Category Variable p Estimate Std. Error P
INTERCEPT -2.76 0.32 <0.001
Disturbance DIST.ROAD -0.14 0.06 0.01
LOG(DIST.ROAD) -0.15 0.03 <0.001
P LOGGED.R1000 0.17 0.04 <0.001
P MATURE.R100 -0.02 0.03 0.62
Predation TRI -0.22 0.03 <0.001
P25 -0.13 0.03 <0.001
Resource TPI.1000M -0.29 0.04 <0.001
DIST.STREAM -0.10 0.05 0.06
LOG(DIST.STREAM) 0.02 0.05 0.72
STPH -0.03 0.03 0.37
B4 -0.10 0.04 0.02
Thermal tolerance  ELEV 0.02 0.15 0.87
ELEV"2 -0.39 0.13 <0.001
NORTHNESS 0.30 0.04 <0.001
ACMA -0.06 0.03 0.07
PSME 0.01 0.03 0.65
TSHE 0.03 0.03 0.35
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Figure S3.1. Distribution of western spotted skunk (Spilogale gracilis) location data
by date. Colors indicate home range size group (F1 = small female, M1 = large male,
M2 = small male).
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Figure S3.2. Locations of male western spotted skunk (SG-019) fitted with GPS
collar programmed to take swift fix locations (blue points). Consecutive GPS
locations connected with black line. Dashed line represents boundary of the HJ
Andrews Experimental Forest.
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Figure S3.3. Core areas (darker) and 95% isopleth home ranges (lighter) of western
spotted skunk (SG-001) before (blue) and after dispersal (orange). Dispersal
movement occurred between 07 May 2018 and 10 May 2018.
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Figure S3.4. Number of locations used to estimate area of core area (50% utilization
distribution) and home range (95% utilization distribution) of western spotted skunks
in the Willamette National Forest in the Oregon Cascades.
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Figure S3.5. Comparison between male western spotted skunk (Spilogale gracilis)
home range size (km?) and various individual and environmental factors. Lines and
shaded area represent linear regressions and confidence intervals. Equation for linear
regression and p-value provided for each variable in each panel.
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Figure S3.6. Histogram of home range overlap between western spotted skunks and their neighbors. Overlap of 1 indicates complete

home range overlap whereas overlap of 0 indicates no home range overlap.
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Figure S3.7. Example of exploration of the number of available locations to use for resource selection analysis using the amt
package.
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Figure S3.8. Predicted (A) initial occupancy, (B) colonization, and (C) extinction
probabilities of western spotted skunks (Spilogale gracilis) across the study area in
the Oregon Cascades from the final annual occupancy model.
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Figure S3.9. Coefficient estimates and standard errors of variables included in global
model for multi-season occupancy of western spotted skunks in the Oregon Cascades

during 2017-2019.
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Figure S3.10. Estimates of coefficients for environmental variables included in home range level 2™ order resource selection by
western spotted skunks in the Oregon Cascades. A) B-coefficient estimates for fixed effects. B) B-coefficient estimates for random
effects (random intercept + random slope).
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Figure S3.11. Marginal plot of individual responses to elevation from the global
resource selection function model for western spotted skunks. Each colored line
represents a response by an individual western spotted skunk to elevation.
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Appendix 3. Supplementary materials for chapter 4.

Models for marked individual data

Basic Spatial Capture Recapture models (SCRsep)

cat("
model
{
#uninformative priors
lamO~dunif(0,5) #
sigma~dunif(0,100) #smoothing parameter
psim~dunif(0,1)

#### model for marked individuals

for (i in 1:mmax) #individual i

{
zm[i] ~ dbern(psim)
S[i,1] ~ dunif(xlims[1], xlims[2]) #activity center x coord
S[1,2] ~ dunif(ylims[ 1], ylims[2]) #activity center y coord

for(j in 1:J) #location j
{
#pythagorian theorem, distance to activity center
D2[i,j] <- (S[1,1]-X[j,1]D"2 + (S[1,2]-X[j,2])"2
#lambda accounting for distance from activity center
lam[i,j] <- lam0*exp(-D2[i,j]/(2*sigma’2))
#model accumulated counts across K occasions for marked individuals
and add for whether a camera is functioning or not
y[1,j]~dpois(lam.effm[1,j ] *K[j])
lam.effm[i,j] <- lam[i,j]*zm[1] #lambda accounting for existence of
individual
§
}
N <- sum(zm[1:mmax])
D <- N/S.Area*10000 #adjust to density per ha

}
" fill = TRUE
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Spatial Capture Recapture models sharing parameters across grids (SCRpool)

cat("
model
{
###Ht priors across grids
lam0~dunif(0,5)
sigma~dunif(0,100) #smoothing parameter
for (g in 1:n.sess) #for each grid
{
###Ht priors for each grid
psim[g]~dunif(0,1)
#### model for marked individuals
for (i in 1:mmax) #individual i
{
zm[g,i] ~ dbern(psim[g])
S[g,i,1] ~ dunif(xlims[ 1], xlims[2]) #activity center x coord
S[g,1,2] ~ dunif(ylims[ 1], ylims[2]) #activity center y coord
for(j in 1:J) #location j
{
Dz[galaj] <- (S[g,l,l]—X[],l])’\Z + (S[g,l,Z]—X[},2])’\2 #pythagorian
theorem, distance to activity center
lam[g,i,j] <- lamO*exp(-D2[g,1,j]/(2*sigma”2)) #lambda
accounting for distance from activity center
ylg.1,j]~dpois(lam.effm[g,i,j]*K[g,j]) #model accumulated counts
across K occasions for marked individuals and add for whether a
camera is functioning or not
lam.effm[g,i,j] <- lam[g,1,j]*zm[g,1] #lambda accounting for
existence of individual
}
}
}
for (g in l:n.sess)
{
N[g] <- sum(zm[g,]:mmax])
D[g] <- N[g]/S.Area*10000
b
}

" fill = TRUE, file="SCR_multigrid.txt")
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Multi-Strata Spatial Capture Recapture models with grid as random effect
(SCRrandom)
cat("

model

{

##Ht# priors across grids

#use log normal so all values are positive

#mean sigma across all grids on log scale

mu.log.sigma ~ dnorm(log(40), 1/(log(100)"2))

allgrids.mu.sigma <- exp(mu.log.sigma) #put on real scale

sd.log.sigma ~ dunif(0,100) # sd of sigma on log scale

tau.log.sigma <- pow(sd.log.sigma,-2) # precision of sigma on log scale

# mean lamO across all grids on log scale (here, mean=0.1, sd=0.1 on real scale)
mu.log.lam0 ~ dnorm(log(0.1), 1/(log(0.1)"2))

allgrids.mu.lam <- exp(mu.log.lam0) #put on real scale

sd.log.lam0 ~ dunif(0,5) # sd of lamO on log scale

tau.log.lam0 <- pow(sd.log.lam0,-2) # precision of lam0 on log scale

for (g in 1:n.sess) #for each grid

{
### priors for each grid
log(sigma[g]) <- log.sigma[g] # take log sigma, note: now you cannot provide
initial values for sigma
log.sigma[g] ~ dnorm(mu.log.sigma, tau.log.sigma) # random effect on sigma
for each grid
log(lamO[g]) <- log.lamO0[g] # take log lam0, note: now you cannot provide
initial values for lamO
log.lam0[g] ~ dnorm(mu.log.lam0, tau.log.lam0) #random effect on lam0 for
each grid

psim[g]~dunif(0,1)

#### model for marked individuals

for (i in 1:mmax) #individual i

{
zm([g,i] ~ dbern(psim[g])
S[g,1,1] ~ dunif(xlims[ 1], xlims[2]) #activity center x coord
S[g,1,2] ~ dunif(ylims[ 1], ylims[2]) #activity center y coord

for(j in 1:J) #location j

{
D2[g,1,j] <- (S[g,1,1]-X[j,1])"2 + (S[g,1,2]-X[},2])"2 #pythagorian
theorem, distance to activity center
lam[g,i,j] <- lamO[g]*exp(-D2[g,i,j]/(2*sigma[g]"2)) #lambda
accounting for distance from activity center
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y[g,1,j] ~ dpois(lam.effm[g,i,j]*K[g,j]) #model accumulated counts
across K for marked individuals and add for whether a camera is
functioning or not

lam.effm[g,i,j] <- lam[g,i,j]*zm[g,i] #lambda accounting for existence

of individual
}

}
}
for (g in 1:n.sess)
{

N[g] <- sum(zm[g,]1:mmax])

D[g] <- N[g]/S.Area*10000
}

}
" fill = TRUE, file="SCR_multigrid randomeffect.txt")
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Models for unmarked data

Base N-mixture model (Npase)

model

{

for (i in 1:Nsites) #for each site

{
N[i]~dpois(lambda) #state model

#likelihood
for (j in 1:Nreps)
{

}

y[i,j]~dbinom(p,N[i]) #observation model

}

#priors

#p~dbeta(1,1)

p~dunif(0,1) #uniform
lambda~dgamma(0.001,0.001) #underlying density

sumN <- sum(N[])/Nsites #calculate average

}

N-mixture model with different detection rate by trap location (Npstation)

model
{
for (i in 1:Nsites) #for each site
{
p[i]~dunif(0,1)
N[i]~dpois(lambda) #state model
#likelihood
for (j in 1:Nreps)
{
y[i,j]~dbinom(p[i], N[i]) #observation model
b
}
#priors

lambda~dgamma(0.001,0.001)
sumN <- sum(N[])/Nsites #calculate average
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N-mixture model with heterogeneity in detection by trap location and decay in
detection over occasions (Npdecay)

model
{
for (i in 1:Nsites) #for each site
{
det[i]~dunif(0,1)
N[i]~dpois(lambda) #state model
#likelihood
for (j in 1:Nreps) #for each obs
{
pli,j] <- det[i]*exp(d0*(j-1))
y[i,j]~dbinom(p[i,j], N[i])
§
}
#priors

d0~dunif(-10,0)
lambda~dgamma(0.001,0.001)
sumN <- sum(N[])/Nsites #calculate average, derived parameters
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Spatial count models (SC)
cat("
model
{
#uninformative priors
lam0~dunif(0,5)
sigma~dunif(0,100)
psi~dunif(0,1)

#informative priors

lamO~dgamma(", pars[pars$sp == sp.cr & pars$g == g,]|$lam0,",",
pars[pars$sp == sp.cr & pars$g == g,]$lamsd,")

sigma~dgamma(",pars[pars$sp == sp.cr & pars$g ==

nmn

g,]$sigma,"," pars[pars$sp == sp.cr & pars$g == g,]$ssd,")

###tmodel for unmarked individuals
for (i in 1:M)
{
z[1]~dbern(psi)
Su[i, 1 ]~dunif(xlims[ 1], xlims[2])
Su[1,2]~dunif(ylims[ 1], ylims[2])
for(j in 1:J)
{
D2u[i,j] <- (Su[i,1]-X[j,1]D"2 + (Su[i,2]-X[],2])"2
lamul[i,j] <- lamO*exp(-D2u[1,j]/(2*sigma”2)) * z[1] * K[j]
yu[i,j]~dpois(lam.eff]1,j])
#add in whether camera was funtioning or not
lam.eff[i,j]<-lamu[i,j]*z[1] #*Eff]],k]
}
}

for (jin 1:J)

{
bigl.ambdal[j] <- sum(lam.eff],j])
n[j] ~ dpois(biglLambdal[j])

}

N <- sum(z[1:M])
D <- N/S.Area*10000
} #end model description
" fill = TRUE, sep="")
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Table S4.1. Number of days Sherman and Tomahawk traps were operational for
capture-mark-recapture on each site.

Site Sherman Traps Tomahawk Traps
1 4 8
2 4 8
3 4 8
4 4 4
5 4 8
6 0 6
7 4 8
8 3 7
9 2 4
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Table S4.2. Density estimates (D; individuals/ha) and 95% confidence intervals or credible intervals derived from capture-recapture

data of deer mice, Townsend’s chipmunk, and Humboldt’s flying squirrel. Minimum known number alive (MNKA) and Huggins

model estimates converted from abundance to density using a buffer size of 1 mean maximum distance moved (MMDM).

Species Site MNKA Huggins SCRsep SCRpool SCRrandom
1 11.29  16.03 (13.13-23.51) 15.49(10.74 -24.48) 19.11 (12.54-27.08) 17.52 (11.34 - 25.88)
2 32.80 43.51(36.67-58.11) 53.24(40.83 - 67.45) 50.80(42.41-65.90) 52.75(41.41-70.67)
3 21.51  29.77 (24.86 - 40.86)  35.16 (26.62 -45.39)  34.02 (26.68 - 45.39)  34.26 (27.08 - 47.78)
4 10.76  15.27 (12.48 - 22.54) 12.15(7.20- 20.25) 17.51 (12.14 - 26.08) 13.12 (9.16 - 23.09)
5 22.59 32.06 (26.83 -43.74) 33.47(24.30-41.48) 35.26 (27.67 -47.58)  30.89 (24.49 - 43.20)
6 NA NA NA NA NA
7 22.59 32.06 (26.83 -43.74) 36.44 (27.05-47.11) 35.41 (27.87 -47.58)  38.24 (27.87 - 50.77)
8 36.57 38.93(32.73-52.37) 59.78(45.97-7891) 49.20(40.02 - 65.10)  62.84 (44.79 - 87.80)
Deer mouse 9 30.11 NA 41.15 (28.64 - 84.52)  32.38 (24.69 -49.97)  49.38 (29.86 - 95.96)
1 1.55 1.48 (1.41 - 1.77) 1.99 (1.67 - 2.84) 2.09 (1.51 - 2.82) 2.24 (1.59 - 3.01)
2 294 3.02 (2.90 - 3.39) 3.53 (2.92 - 4.37) 3.87 (3.14 - 4.88) 3.75 (2.93 - 4.65)
3 3.10 3.19 (3.06 - 3.57) 3.84 (3.20 - 4.67) 3.94 (3.35-5.11) 3.88(3.22-5.11)
4 34 2.28 (1.99 - 2.88) 2.23 (1.71 - 2.94) 2.72 (2.01 - 3.71) 2.24(1.78 - 3.37)
5 443 4.56 (4.39 - 4.99) 5.87 (4.91 - 7.01) 5.78 (4.88 - 7.01) 6.09 (5.02 - 7.32)
6 135 1.57 (1.28 - 2.21) 1.45 (1.06 - 2.46) 1.51 (0.98 - 2.09) 1.68 (1.07 - 2.47)
7 454 4.79 (4.61 - 5.23) 5.69 (4.62 - 6.60) 6.16 (5.04 - 7.28) 5.54 (4.81 - 6.99)
Townsend’s 8  6.47 6.16 (5.88 - 6.74) 8.32 (7.13 - 9.67) 7.80(6.62-9.19)  8.59 (7.26 - 10.24)
chipmunk 9  10.68 7.14 (6.47 - 8.20) 8.08(6.97-9.62)  8.71(7.16-10.30)  8.30(7.12 - 10.36)
1 1.44 1.49 (1.45 - 1.72) 2.33 (1.86 - 3.71) 2.33 (1.66 - 3.24) 2.38 (1.74 - 3.51)
2 1.59 1.65 (1.60 - 1.89) 2.38 (1.89 - 3.50) 2.54 (1.88 - 3.49) 2.72 (1.84 - 3.51)
Humboldt's 3 2.00 2.07 (2.02 - 2.34) 3.09 (2.29 - 4.01) 3.12 (2.42 - 4.17) 3.02 (2.36 - 4.28)
flying 4 1.13 0.63 (0.54 - 0.96) 1.03 (0.56 - 2.04) 1.22 (0.72 - 2.20) 1.14 (0.68 - 2.18)
squirrel 5 1.03 1.06 (1.03 - 1.27) 1.57 (1.10 - 2.40) 1.68 (1.09 - 2.43) 1.68 (1.09 - 2.42)




O 0 3 N

1.85
1.23
1.70
1.03

1.86 (1.58 - 2.47)
1.28 (1.24 - 1.50)
1.57 (1.51 - 1.85)
0.63 (0.54 - 0.96)

2.74 (1.77 - 3.91)
1.73 (1.18 - 2.39)

2.3 (1.68 - 3.40)
0.93 (0.56 - 2.38)

2.38 (1.77 - 3.53)
1.91 (1.38 - 2.83)
2.49 (1.81 - 3.44)
1.04 (0.68 - 2.04)

2.59 (1.79 - 3.79)
1.63 (1.29 - 2.61)
242 (1.75-3.47)
1.15 (0.66 - 2.20)
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Table S4.3. Amount of overlap between grid-specific density curves (area under the
curve =1) created from posterior distributions of abundance estimates from the multi-
strata spatial capture-recapture models (SCRrandom) 0Of (A) deer mice (Peromyscus

maniculatus), (B) Townsend’s chipmunk (Neotamias townsendii), and (C)

Humboldt’s flying squirrel (Glaucomys oregonensis). Sites where overlap < 0.05 are
bolded to indicate distinct densities of animals.

A.
Site 1 2 3 4 5 6 7 8
2 0.00
3 0.04 0.17
4 0.79 0.00 0.02
5 0.07 0.08 0.75 0.04
6 - - - - -
7 0.03 022 091 0.02 0.66 -
8 0.00 0.56 0.07 0.00 0.03 - 0.10
9 0.02 0.70 0.37 0.02 0.26 - 0.43 0.52
B.
Site 1 2 3 4 5 6 7 8
2 0.07
3 0.04 074
4 075 0.15 0.08
5 0.00 0.02 0.05 0.00
6 042 0.01 0.00 0.27 0.00
7 0.00 0.04 0.09 0.00 0.78 0.00
8 0.00 0.00 0.00 0.00 0.05 0.00 0.02
9 0.00 0.00 0.00 0.00 0.07 0.00 0.03 0.95
C.
Site 1 2 3 4 5 6 7 8
2 0.90
3 045 053
4 0.13 0.10 0.03
5 031 024 0.07 0.54
6 085 093 059 0.11 0.24
7 041 033 0.10 0.42 0.84 0.32
8 096 092 046 0.13 0.29 0.86 0.39
9 0.13 0.10 0.03 0.97 0.51 0.10 0.39 0.12




Table S4.4. Density estimates (D; individuals/ha) and 95% credible intervals derived from capture-recapture (CR) data using

unmarked models (spatial count [SC]) for deer mice, Townsend’s chipmunk, and Humboldt’s flying squirrel. Only models that

converged are reported.

Species Site SCCR,noinfo,separate SCCR,info,separate SCCR,noinfo,pool SCCR,info,pool

1 123.90 (87.96 - 193.48)

2

3 627.72 (432.90 - 675.73)

4 107.45 (72.20 - 159.44)

5

6 NA NA NA NA

7

8 698.12 (500.71 - 698.26) 355.83 (245.61 - 356.86)
Deer mouse 9

1 0.92(0.66-3.77) 59.34(55.39-59.78)  1.53 (0.86 - 2.55) 7.90 (5.99 - 10.29)

2 53.17 (48.90 - 53.18)  3.13(2.24-523)  15.81(13.34-20.24)

3 55.35(52.31-55.35)  3.51(2.41-5.78)  18.04(15.50 - 23.27)

4 035(0.17-2.73) 2.09 (1.34 - 3.58) 12.47 (9.06 - 16.40)

5 53.90 (50.43 - 53.91) 3.86 (2.68 - 6.39)

6 0.85 (0.44 - 1.67) 4.84 (3.24 - 6.61)

7 48.18 (45.68 -48.21)  4.61 (3.21-735)  26.06 (21.44 - 26.34)
Townsend’s 8 59.54 (56.86 - 59.57)  5.38(3.72-8.39)  26.42 (24.17 - 26.43)
chipmunk 9 524(3.95-8.51)  26.42(24.21 - 26.41)

1 62.87 (55.20 - 62.91)

2 0.09(0.06 - 2.24) 26.41 (20.96 - 26.46)
Humboldt’s 3 60.07 (55.75 - 60.37) 26.11 (22.41 - 26.50)
flying 4 55.89 (47.59 - 55.88)

5

squirrel

0.07 (0.07 - 11.57)  48.93 (42.44 - 48.99)
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48.96 (45.60 - 49.04)

24.68 (19.49 - 26.16)

13.37 (8.53 - 22.73)
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Table S4.5. Density estimates (D; individuals/ha) and standard deviations, 95% confidence intervals, or 95% credible intervals
derived from camera-trap data using unmarked models for deer mice, Townsend’s chipmunk, and Humboldt’s flying squirrel.

Average
Detections
Per Camera N-mixture Space-to-event Time-to-event SCecam,info,pool
Species Site (t=1day 1) (Pdecay, t = 15) (t=60) (t = 1440) (t=1)
1 442+6.86 15.80 (10.93 -22.32) 28.06 (21.90 - 35.96)  33.22(29.20 - 37.79) 60.59 (46.34 - 77.61)
2 29.60+44.26 22.13(16.90-29.77) 28.89(22.63-36.88) 46.76 (41.19 - 53.09) 202.73 (169.29 - 217.88)
3 14.83+20.67 33.27(24.20-45.68) 32.29(25.35-41.13) 45.69 (40.77 - 51.21) -
4 11.68+15.15 22.18(16.19-30.66) 33.6(26.42-42.73) 42.26 (38.01 - 46.98) 132.78 (110.80 - 156.69)
5 3596+41.36 20.54(16.00 -26.87) 33.99 (26.63 -43.39) 103.83 (93.50-115.31) 224.97 (211.59 - 224.97)
6 13.88+15.03 1536(11.30-21.29) 28.23(22.08-36.10) 43.77 (39.03 -49.10) 99.25 (81.67 - 121.94)
Deer 7 16.20+£16.52 25.67 (18.96 -35.75) 25.4(19.70 - 32.74) 71.47 (63.69 - 80.19) -
mouse 8 115.60+64.35 28.72(21.37-38.67) 37.84(29.76-48.11) 88.19 (79.07 - 98.36) 224.75 (219.24 - 224.97)
1 1033+18.39 0.82(0.67-0.99) 12.03 (8.77 - 16.50) 7.96 (6.65 - 9.52) 10.16 (8.50 - 12.42)
2 25.55+21.59 1.22(1.04-1.43) 23.46 (17.90 - 30.75)  9.35(8.01 - 10.92) 13.94 (12.30 - 17.06)
3 17.62+17.65 0.88(0.72-1.07) 18.52 (13.94 -24.62) 10.14 (8.71 - 11.81) 13.14 (11.41 - 16.39)
4 13.48+18.28 0.54(0.44 - 0.66) 12.14 (8.88 - 16.58) 7.82 (6.56 - 9.32) 9.73 (7.85 - 11.70)
5 32.13+£3143 1.40(1.17-1.66) 81.07 (62.17 - 105.72) 15.16 (13.47 - 17.05) 18.19 (17.21 - 18.21)
6 13.12+19.00 0.41(0.33-0.49) 9.86 (7.06 - 13.77) 6.39 (4.94 - 8.25) 7.87 (6.34 - 10.44)
Townsend’s 7 23.02+1530 3.41(2.76-4.19) 31.26 (23.59-41.42) 16.82(14.54-19.44) 18.21 (17.85-18.21)
chipmunk 8 55.05+30.85 1.64(1.38-1.95) 34.05 (26.18 - 44.30) 8.67 (7.68 - 9.79) 18.2 (17.28 - 18.21)
1 8.48+15.09 0.36 (0.29 - 0.44) 7.95 (5.77 - 10.95) 5.54 (4.26 - 7.21) 18.2(17.27 - 18.21)
2 5.85+12.21 0.25(0.19-0.31) 5.58 (3.87 - 8.05) 5.1 (3.63-7.16) 18.02 (14.35 - 18.16)
Humboldt’s 3 9.38+13.49 0.32 (0.26 - 0.40) 11.96 (8.98 - 15.95) 6.06 (5.08 - 7.24) 18.21 (17.53 - 18.21)
flying 4 3.50+7.51 0.35(0.28 - 0.44) 6.4(4.49-9.13) 5.76 (4.62 - 7.19) -
squirrel 5 552+11.79 0.24 (0.19 - 0.30) 8.67 (6.35 - 11.85) 8.37 (6.56 - 10.68) 17.31 (14.21 - 18.02)
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6 2.05+6.35 0.13(0.10-0.17) 6.57 (4.63 - 9.32) 6.87 (5.35 - 8.82) 12.06 (10.16 - 15.84)
7 2.00£5.11 0.12 (0.09 - 0.16) 4.07 (2.69 - 6.15) 11.75 (8.70 - 15.87) 10.63 (8.17 - 12.66)
8 5.87+12.98 0.21(0.17-0.27) 10.24 (7.55 - 13.88) 7.7(6.31-9.39) 15.61 (13.05-17.51)
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Table S4.6. Species detected by live-capture and camera trapping at the H. J.
Andrews Experimental Forest, Blue River, Oregon during the fall of 2017.

Camera Live-

Species Scientific name trapping capture
Shrew Sorex spp. X

Deer mouse Peromyscus maniculatus X X
Pacific jumping mouse Zapus trinotatus X X
Townsend’s chipmunk Neotamias townsendii X X
Humboldt’s flying squirrel ~ Glaucomys oregonensis X X
Douglas squirrel Tamiasciurus douglasii X X
Hare Lepus spp. X

Vole ggt%ii@ii%)y; californicus X X
American pika Ochotona princeps (X) X
California ground squirrel Otospermophilus beecheyi  (X) X
Coast mole Scapanus orarius X
Bushy-tailed woodrat Neotoma cinerea X X
Short-tailed weasel Mustela erminea X X
Long-tailed weasel Mustela frenata X X
Western spotted skunk Spilogale gracilis X X
Bobcat Lynx rufus (X)

Black bear Ursus americanus (X)

Varied Thrush Ixoreus naevius X

Steller’s Jay Cyanocitta stelleri X X
Gray Jay Perisoreus canadensis X

(X) - could identify, but did not have any
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Figure S4.1. Percentage of Tomahawk traps (pink lines) and Sherman trap (blue lines) closed by grid number during each trap night
for any reason (solid lines) in comparison to percentage of traps filled due to capture of each species (dashed lines): (A) deer mice, (B)
Townsend’s chipmunks, and (C) Humboldt’s flying squirrels.
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Separate grids Pooled grids Multi-strata model
Figure S4.2. Lambda (Iam0) and sigma estimates for spatial capture recapture (SCR) models in a Bayesian framework when
modeling each grid separately (SCRsep; left column), modeling all grids together sharing parameters Ao and ¢ across grids (SCRpool;
middle column), and modelling all grids together with a random effect of grid (SCRandom; right column). SCR density estimates
calculated for 3 species: deer mice (PEMA), Townsend’s chipmunks (TATO), and Humboldt’s flying squirrel (GLSA).
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Separate grids Pooled grids
Figure S4.3. Lambdao (lam0) and sigma estimates for spatial capture (SCR) models
applied to capture-recapture data in a maximum likelihood framework when
modeling each grid separately (0SCR; left column) and modeling all grids together
sharing parameters Ao and ¢ across grids (0SCRpool; right column).
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Figure S4.4. Mean maximum distance moved (MMDM) estimated per grid and
mean of MMDM for all grids from the live capture-recapture data for deer mouse
(PEMA), Townsend’s chipmunk (TATO), and Humboldt’s flying squirrel (GLOR).
Triangles represent estimates from the peer-reviewed literature black for male and
female, blue for male, and pink for female specific estimates. PEMA estimates from
Feldhammer 1979 and Larson 2002, TATO estimates from Hayes et al. 1995 and
Larson 2002, GLOR estimates from Rosenberg and Anthony 1991 and Rosenberg et
al. 2003.
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Figure S4.5. Density estimates of deer mouse (PEMA), Townsend’s chipmunk
(TATO), and Humboldt’s flying squirrel (GLOR) estimated from capture-recapture
data at each grid using hierarchical spatial capture-recapture (SCRrandom; pink circle)
and Huggins closed capture models (grey). Density estimates for Huggins models
were calculated using a buffer size equal to mean maximum distance moved
(MMDM,; grey circle) and 2 MMDM (grey triangle). Error bars for SCRrandom
represent 95% credible intervals, error bars on Huggins estimates represent 95%
confidence intervals.
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Figure S4.6. Buffer sizes relative to mean maximum distance moved (MMDM) of
each species in order for Huggins model abundance estimates (Huggins) to yield the
same densities as those derived from the hierarchical spatial capture-recapture models
(SCRiandom). Typically, MMDM or s MMDM is used to calculate densities from non-
spatially explicit models.
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Figure S4.7. Example of reduction in detections over time at a site of (A) deer mice, (B) Townsend’s chipmunk, and (C) Humboldt’s
flying squirrel on trail cameras by day or night number. Note that the number of detections were particularly high during the first 3
days following camera deployment due to the presence of bait.
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Figure S4.8. Estimates from unmarked methods compared to SCR density estimates from capture-recapture data (black circles).
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Appendix 4. Supplementary material for chapter 5.

Figure S5.1. Partial Mantel test statistics reveal correlation between B-diversity (turnover) and vegetation structure dissimilarity
across most taxa.



