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Abstract

Space use and temporal relationships among western spotted skunks (Spilogale gracilis) and two
competing mesocarnivores on the Olympic Peninsula of Washington
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Aaron J. Wirsing
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Among sympatric carnivores, acts of interference competition range in intensity from the
threat of attack to interspecific killing (IK). If IK is a regular outcome of encounters between two
carnivores, the subordinate species may be forced to avoid the other in space and/or time.
Carnivores are at the greatest risk of becoming victims of IK if they are 2—4 times smaller than
their potential attacker. Thus, the spatial distributions and activity patterns of small carnivores
may be dictated by the presence of larger competitors. However, many species rely on
constitutive defenses—those that are always present and provide continuous protection—to
reduce the risk of mortality during encounters with predators, and thus small, but constitutively
defended, carnivores such as skunks may not respond to the threat of IK through spatial or
temporal avoidance. To explore the hypothesis that the risk of predation and IK by larger
competitors is mitigated by constitutive defenses, we used multispecies occupancy models and
detection/non-detection data from baited camera stations and collocated hair snares to test for
pairwise interaction effects on the space use of western spotted skunks (Spilogale gracilis),
coyotes (Canis latrans), and bobcats (Felis rufus) on the Olympic Peninsula of Washington,

USA. Use of a multispecies occupancy model simultaneously allowed us to examine the spatial



relationship between coyotes and bobcats and thus we also tested a secondary hypothesis that the
slight body size disparity between the coyotes and bobcats and high dietary overlap between the
two species promotes IK, which is dominated by coyotes. We also used timestamp data taken
from camera detections to analyze the temporal overlap of daily activity patterns of all three
species. We found no evidence of spatial or temporal avoidance among the three focal species.
Our best supported occupancy model indicated that these species use space independently of one
another, and we found high levels of temporal overlap among all three species. Our findings
suggest that neither western spotted skunks nor bobcats fall victim to IK at a great enough rate to
promote avoidance of their respective potential attacker(s). The decision to engage in IK is
influenced by many risk and reward factors and the constitutive defense of western spotted
skunks is likely a strong deterrent. Likewise, bobcats may be too formidable of an opponent—

armed with sharp claws in addition to teeth—for coyotes to attack with regularity.
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Introduction

Competition among sympatric carnivores can have considerable impacts on the
subordinate competitor’s abundance and distribution (Soulé et al. 1988, Crooks and Soulé 1999,
Linnell and Strand 2000, Prugh et al. 2009, Ripple et al. 2013, Newsome et al. 2017). The
outcomes of interference competition among carnivores, which range from displacement from
shared resources to interspecific killing (IK) (Palomares and Caro 1999, Donadio and Buskirk
2006), are driven primarily by relative body size, with smaller-bodied guild members generally
being subordinate (Palomares and Caro 1999, Prugh et al. 2009, Prugh and Sivy 2020).
Interspecific killing has been found to account for the majority of mortality suffered by
subordinate species in some systems (Cypher and Spencer 1998, Palomares and Caro 1999,
Fedriani et al. 2000, Breck et al. 2006). Carnivores are most likely to be a victim of IK when
they are 2—4 times smaller than their attacker (Palomares and Caro 1999, Prugh and Sivy 2020)
and have a high degree of dietary overlap with (Donadio and Buskirk 2006) the would-be

perpetrator.

To avoid being killed, prey species and subordinate competitors within carnivore guilds
are expected to alter their behavior to reduce exposure to potential attackers (Lima and Dill
1990). These behavioral changes can manifest as spatial or temporal avoidance (Amarasekare
2003). However, constitutive defenses allow many species to reduce their risk of mortality
during encounters with predators or dominant competitors (Wirsing et al. 2021). Constitutive
defenses are defensive traits that are constantly present and provide continuous protection for a
species. For example, some insects (Sloggett et al. 2009, Dowdy and Conner 2016, Decker et al.
2019) and amphibians (Hague et al. 2016, Kaczmarek et al. 2022) synthesize or sequester toxins

from their food to make themselves unpalatable to predators. These species often forgo



attempting to hide from predators and instead advertise their unpalatability through conspicuous
aposematic coloring (Caro and Ruxton 2019). Species such as the North American porcupine
(Erethizon dorsatum), nine-banded armadillo (Dasypus novemcinctus), and Western long-beaked
echidna (Zaglossus bruijnii) instead use quills, dermal plates, and spines to prevent or withstand
attacks from predators (Stankowich and Campbell 2016), and various members of the families
Viverridae (e.g., common genet [ Genetta genetta)), Ailuridae (red panda [Ailurus fulgens]),
Mustelidae (e.g., zorilla [Ictonyx striatus]), and Mephitidae (e.g., striped skunk [Mephitis
mephitis]) use noxious secretions or sprays in defense against attackers (Stankowich et al. 2014).
By reducing the risk of predation or IK, effective constitutive defenses may reduce the need for
subordinate members of carnivore guilds to avoid these threats through spatial or temporal

avoidance.

However, even the most potent constitutive defenses may be overcome by predators or
larger competitors. For instance, the quills of the North American porcupine can maim or even
kill attackers (Katzner et al. 2015) and yet this species is subject to predation by fishers (Pekania
pennanti), considered to be porcupine specialists, mountain lions (Puma concolor), and coyotes
(Canis latrans) (Sweitzer 1996, Sweitzer et al. 1997, Mabille et al. 2010, Pokallus and Pauli
2015). Defenses may also only be effective against some of the predators or competitors that a
species may encounter. The noxious spray defense of skunks, for example, is effective against
mammalian predators but avian predators that lack highly developed olfactory senses are known
to depredate skunks (Lesmeister et al. 2010, Hassler et al. 2021a, Tosa et al. 2022). Additionally,
environmental factors may reduce the efficacy of defensive adaptations. For instance, porcupine
predation rates have been linked to winter precipitation rates as deep snow inhibits this already

slow-moving animal’s ability to reach escape cover (Sweitzer 1996, Mabille et al. 2010).



Pokallus and Pauli (2016) found that porcupines increased energy expenditures by taking longer
routes, despite being nutritionally stressed during the winter, to avoid open habitats that were
perceived to be more risky and were more likely to use areas with refuge trees. Accordingly,
responses to the risk of predation or IK by constitutively defended taxa may vary as a function of

the enemy posing the threat and changing environmental factors.

In a review of the order Carnivora, Hunter and Caro (2008) found that the skunks of the
family Mephitidae are sympatric with the greatest number of larger carnivores with which they
also overlap in habitat type, habitat strata, and temporal activity pattern. This high degree of
overlap with multiple higher-order carnivores potentially exposes them to considerable risk of IK
(Hunter and Caro 2008). However, all members of Mephitidae are capable of accurately
directing a noxious spray at attackers, and they signal their defensive capabilities to would-be
attackers through black and white aposematic coloration (Stankowich et al. 2014, Caro and
Ruxton 2019). Predators exposed to skunk spray are at risk of temporary blindness,
disorientation, vomiting, and, in rare cases, death (Garcelon 1981, Zaks et al. 2005, Fierro et al.
2013, Means 2013, Harris et al. 2019). This advanced predator defense likely contributes to the
low observed predation rates of skunks; striped skunks tracked via radio telemetry in North
Dakota and Illinois, USA were rarely preyed upon (Sargeant et al. 1982, Gehrt 2005, Prange and
Gehrt 2007). Dietary analyses of bobcats (reviewed by Tewes et al. 2017) and an analysis of the
stomach contents of ~14,000 coyotes (Sperry 1941) from across the continental USA found that
skunks typically constituted <2% of samples. Furthermore, skunk behavioral responses to
potential predators and/or sources of IK in carnivore guilds have been found to be muted. Striped
skunks did not shift or alter the size of their home ranges (Prange and Gehrt 2007) or alter their

foraging behavior at bait sites (Fisher and Stankowich 2018) in response to an artificial increase



in perceived coyote activity (accomplished by spreading coyote urine or playing recordings of
howls), and furthermore did not flee from coyotes that were also attracted to bait sites (Fisher
and Stankowich 2018). In fact, Fisher and Stankowich (2018) report that skunks in their study
area frequently charged at approaching coyotes and caused them to retreat. Yet, skunks are
sometimes subject to high rates of predation or IK. For instance, Lesmeister et al. (2010) found
that 26% of eastern spotted skunk (Spilogale putorius) mortalities were attributable to
mammalian predators. Thus, the behavioral responses of skunks to the risks of predation and IK

may vary across ecosystems and potential perpetrators.

Here, we examine the spatial and temporal responses of western spotted skunks
(Spilogale gracilis) to the risk of predation and IK in the Pacific Northwest of the USA where
they are sympatric with coyotes and bobcats (Lynx rufus). The western spotted skunk (WSS) is
thought to be common throughout its range along the west coast of the USA (Verts et al. 2001,
Zielinski et al. 2005, Tosa et al. 2024). On Washington State’s Olympic Peninsula, the species
was the most commonly detected forest carnivore during winter surveys in the Olympic National
Park (Happe et al. 2005). Nevertheless, its ecology is poorly understood (Carey and Kershner
1996, Tosa et al. 2023). WSS are dietary generalists and have been found to consume a wide
variety of food items including plants, amphibians, small mammals, birds, insects, and carrion
(Tosa et al. 2023). However, in the Pacific Northwest they primarily consume insects during the
dry season and increase their consumption of small mammals during the wet season (Tosa et al.
2023). While bobcats are native to the Olympic Peninsula, coyotes invaded the region in the
early 1900s, facilitated by the extirpation of gray wolves (Canis lupus) and the conversion of
forests to pasture and cropland (Bailey 1930, Dalquest 1948). Coyotes and bobcats in

Washington, USA, weigh approximately 13.6 and 9.1 kg, respectively (Dalquest 1948). By



contrast, the average weight of male and female WSS, captured in Oregon, USA, was 595 and
392 g, respectively (Tosa et al. 2024). Thus, coyotes and bobcats are approximately 22 and 15
times larger than male WSS, respectively. A diet analysis of coyotes and bobcats conducted in
Olympic National Park found that, although mountain beavers (Aplodontia rufa) and snowshoe
hares (Lepus americanus) were the primary prey of both species, small mammals were also
frequently consumed (Witczuk et al. 2013). The large body size disparity between WSS and
coyotes and bobcats would suggest that the risk of IK may be low, but overlapping use of small
mammals may promote IK. Furthermore, WSS are of similar body size to mountain beavers
(0.40-1.29 kg; Verts and Carraway 1998), a primary prey item of both coyotes and bobcats on
the Olympic Peninsula, which could position WSS as a valuable prey item as well if its defenses
could be overcome. Here, using a multispecies occupancy model and temporal overlap analysis,
our primary goal was to test the hypothesis that the risk of predation and IK by larger
competitors is mitigated by the constitutive defenses of smaller competitors. This hypothesis
leads to the prediction that WSS will not avoid spatial or temporal overlap with coyotes and
bobcats. The framework of the multispecies occupancy model also allows us to simultaneously
examine the spatial relationship between bobcats and coyotes. Thus, we also test the hypothesis
that the body size advantage of coyotes and high dietary overlap with bobcats, which lack
specialized constitutive defenses, promotes interference competition and IK. This hypothesis

leads to the prediction that bobcats will avoid spatial or temporal overlap with coyotes.

Methods

Study Area

Survey sites that yielded the detection/non-detection data used in this investigation were

established as part of the Olympic Fisher Monitoring Program (OFMP), which used baited



camera trap stations to evaluate the success of fisher reintroductions on the Olympic Peninsula of
Washington state, USA from 2013-2016 (Happe et al. 2015, 2020). The Olympic Peninsula is
characterized by a rapid transition from sea level to the peaks of the Olympic Mountain Range,
resulting in a rain shadow effect and thus a marked precipitation gradient from west to east. The
west side of the peninsula receives 300-500 cm of precipitation per year whereas the eastern side
receives approximately 100 cm per year (Nielsen et al. 2021). Precipitation falls primarily as rain
at elevations below 300 m and as snow at elevations above 900 m (Nielsen et al. 2021). Forests
on the peninsula are predominately coniferous, with broadleaf forests located in low elevation
riparian zones (Nielsen et al. 2021). The Olympic National Park (ONP) and designated
wilderness areas of the Olympic National Forest (ONF) lie in the center of the Olympic
Peninsula and along its western coast. The ONP and ONF wilderness areas support old-growth
forests that are protected from development and timber harvest. Much of the private and public

lands surrounding the ONP and ONF wilderness areas are managed for timber production.
Data Sources and Preparation

The methods used to select survey locations and deploy and maintain camera traps are
described in Happe et al. (2020). Briefly, a grid of 24 km? hexagonal cells was overlaid on the
Olympic Peninsula and every other cell was selected as a potential sample unit; sample units in
which the elevation of the centroid exceeded 1,425 m were rejected, resulting in 150 sample
units. The sampling frame was divided into two panels and each panel was surveyed every other
year from 20132016 with the goal of surveying every sample unit twice with a 2-year interval
between surveys. In 2015 and 2016, survey efforts were focused on repeating surveys conducted
in 2013 and 2014, respectively, but additional sample units were also added and surveyed for the

first time, resulting in a total of 180 sample units (Fig. 1). Sample units were surveyed from late



May to early November each year. Within each sample unit, three survey stations were deployed
in forested stands with trees >20 cm in diameter at breast height; stations were separated by at
least 800 m when possible. Each survey station consisted of a motion-sensing camera (Bushnell
Trophy Cam HD, Overland Park, KS) and a hair snaring device (Schwartz et al. 2006) to collect
DNA samples. Each station was baited by affixing a piece of raw chicken and applying ~10 ml
of a scent lure (Caven’s Gusto, Minnesota Trapline Products, Pennock, MN) and lanolin mixture
to the base of a tree. Each hair snare device was equipped with metallic brushes and was also
baited with chicken to encourage fishers to enter the cubby and, in doing so, deposit hair samples
on the brushes. Hair snare devices were placed on the ground at the base of the bait tree, and the
camera was positioned to capture both the hair snare device and the bait tree in its field of view.
Three consecutive 14-day surveys were attempted at each station with a researcher visit at the
start of each survey to replenish bait, and to collect camera data and hair samples from the
previous survey period. The survey period was defined as the number of days between researcher
visits and sometimes varied across surveys due to field logistics. If survey stations were
disturbed by American black bears (Ursus americanus), the station was moved at least 50 m to
attempt to avoid habituated responses to bait. Similarly, WSS were often found to spend
considerable time at survey stations, consuming all available bait, and thus some survey stations
were moved to avoid baits being consumed early in a survey period by a species the monitoring
program was not targeting. At the conclusion of each survey period, all detected species were
identified from the camera data, and hair samples were sent to the National Genomics Center for
Wildlife and Fish Conservation (Rocky Mountain Research Station, Fort Collins, CO, USA) for
identification to the species level. Because cameras and hair snare devices were collocated at

survey stations, detections from each were combined to determine what species were detected
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Figure 1. Layout of the Olympic Fisher Monitoring Program sample units (blue and brown
hexagons) and the locations of survey sites (white dots) on the Olympic Peninsula. The sample
frame was divided into halves and each panel was surveyed every other year. Brown hexagons
were surveyed in 2013 and/or 2015 and blue hexagons were surveyed in 2014 and/or 2016.
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during each survey period.

To derive biologically relevant occupancy estimates and avoid “grid saturation,” where
occupancy probability tends toward 1 as the size of the sample unit increases (Kunin et al. 2000),
the home range size of the focal species is typically used as the sample unit size (Steenweg et al.
2018). Accordingly, OFMP sample units (24 km?) were selected to correspond to the size of
home range core areas used by female fishers in the study area (Happe et al. 2015) and the
distances between concurrently deployed survey stations within a sample unit ranged up to 5,080
m. Few studies have analyzed the home range size of WSS, but annual home ranges of Spilogale
spp. range from 0.52-5.72 km? (Jones et al. 2008, Thorne 2020, Harris et al. 2023, but see Tosa
et al. 2024) and seasonal home ranges of eastern spotted skunks have been found to range from
0.76-8.66 km? (Lesmeister et al. 2009). Owing to the mismatch in size between OFMP sample
units and the reported home ranges of Spilogale spp., we elected to not use the OFMP sample

units.

Because of the highly variable distances among survey stations, when attempting to
generate new sample units based on WSS home ranges, we consistently encountered overlapping
sample units that shared survey stations. Rather than arbitrarily assigning survey stations to a
sample unit when overlaps occurred, we instead treated the survey stations themselves as sample
units (hereafter: sites). To improve the degree of independence between sites, we considered any
survey stations within 150 m of each other to be sampling the same site. Thus, all survey stations
established >150 m from any neighboring station were considered unique sites. Sites contained at
most two survey stations and in sites with two stations, we considered the first station established
(i.e., the older station) to be the center of the site. We selected 150 m as a cutoff as there was a

natural break in the data when examining the distances to nearest neighbor for all stations.

12



We created detection histories of WSS, coyotes, and bobcats for each site. Each value in a
detection history corresponds to a survey conducted at the site, and indicates whether the focal
species was detected during that survey, with a “1” indicating a detection and a “0” indicating a
non-detection. We then combined the three focal species’ detection histories into a single
community state detection history for each site. With three species, there are eight possible
community states that can be observed. We arbitrarily numbered each community state (Table 1)
and used those values to assemble community state detection histories according to which
combination of species had been detected in each survey. As an example, if three surveys were
conducted at site j and the following detection histories were generated for the three focal

species:

Hj,WSS = 110
Hj,coyote =100

Hj,bobcat =100
the resulting community state detection history for site j would be:

Hj,community = 821

Table 1. Community state labels and descriptions

Community
State
1 No WSS, coyotes, or bobcats present
Only WSS present
Only coyotes present
Only bobcats present
WSS and coyotes present
WSS and bobcats present
Coyotes and bobcats present
WSS, coyotes, and bobcats present

Description

O IN O OB~ W|IN
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The community state detection histories (hereafter: detection histories) were unequal in
length across sites due to 1) the number of survey stations in each site, 2) the number of surveys
completed at each survey station, and 3) whether the site was sampled in one year or two. While
the goal was to conduct three surveys at each station within a sampling year, some stations did
not reach that goal if they were relocated due to American black bear or WSS activity and,
conversely, at a limited number of stations a fourth survey was opportunistically conducted.
Thus, within a single year, detection histories ranged in length from 1—4 occasions. To ease
model implementation, we added dummy occasions so that each site’s detection history
contained eight occasions. We then set detection probabilities to 0 for these dummy occasions
(more details below). We followed a robust design (Pollock 1982, MacKenzie et al. 2003) and
split the detection histories into two primary sampling periods, representing two years of
sampling, with four secondary sampling periods each, representing four surveys conducted in the
site each year. By assuming that the state of the site can change between, but not within, years,
we can reasonably meet the assumption of temporal closure necessary for occupancy modeling.
Finally, we treated the primary sampling periods as generic “season 1” and “season 2” regardless
of the actual year in which the sampling occurred by using a “stacked data” approach (Kery and

Royle 2020).

Statistical Analysis

We used a Bayesian multispecies occupancy model (Miller et al. 2012, MacKenzie et al.
2018) similar to that described by Rota et al. (2016) to test for interactions among the focal
species. A multispecies model modifies the single-species occupancy model put forth by
MacKenzie et al. (2002) to accommodate two or more species. Importantly, the imperfect

detection of each of the focal species is accounted for while estimating the latent community
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state of the sites. This step is accomplished by pairing a detection process model with a latent
state process model (MacKenzie et al. 2002, Rota et al. 2016). For those sites that were surveyed
in two years, we also incorporated an autoregressive function to allow the estimated latent
community state of a site in season 1 to inform its season 2 estimate (MacKenzie et al. 2018,
Sipe et al. 2023, Larson et al. 2024). Because some of the distances between sites were less than
the radii of the average estimated home ranges of WSS, coyotes, and bobcats, the assumption of
independence between sites is likely violated and therefore we interpret the results of our

analysis as use rather than occupancy (MacKenzie 2005).
State Process Model

The latent community state of each site was treated as a categorical random variable with

eight potential outcomes:
- 1 w2 w3 w4 ws w6 w’l ws
Zje ~ Categorlcal(‘let, Wi Wie Wie, Pie Pie, Wit ‘let)

where Z;; is the latent state of site j during season ¢ and W}, is the probability that site j will take
community state s during season ¢. The community state probabilities (¥;;) were then modelled

as a function of covariates using the multinomial-logit link (Rota et al. 2016, Fidino et al. 2019):
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The use of the multinomial-logit link constrains the probability of W}, such that »&, W’ = 1. The first-order natural

parameters, fj?t, ]‘j,zt, ffb are logit-linear predictors of the log odds that WSS, coyotes, and bobcats, respectively, will use site j during
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season ¢ (Rota et al. 2016, Fidino et al. 2019). Additionally, the second-order natural parameters,
fjltz, fﬁf, fj?f’, are logit-linear predictors that represent how the interaction effect between the
members of a dyad modifies the probability that both species will use a site in the same season.
The species will occur independently of one another if their corresponding second-order
parameter is equal to zero (Rota et al. 2016). We assumed that the potential third-order natural
parameter was equivalent to zero (i.e., there is no additional interaction effect modifying the
probability of all three species occurring together; Rota et al. 2016, Fidino et al. 2019). During

season ¢ = 1, the natural parameters are modeled solely as functions of covariates:
n _ T
f}',l - xj ﬁn

where n denotes the specific natural parameter, x; is a vector of site-specific covariates

(described below), and S, is a natural parameter-specific vector of regression coefficients.

To model the “persistence” of each species, or its probability of continuing to use a site in
season 2 if it had used the site in season 1, we incorporated an autoregressive parameter,
following Larson et al. (2024), into the models of the first-order natural parameters during season

t=2:
f}nz = ijﬁn + (Sn,j,t=1 On)

where n can take the values 1, 2, or 3 to represent WSS, coyotes, or bobcats, respectively. Sy, ;=4
takes the value of 1 if the species used site j during season t = 1 or a 0 if not and 8,, is the
autoregressive parameter for species n. Traditionally, multi-season occupancy models
incorporate information regarding the persistence of the focal species by estimating site
extinction and colonization parameters (MacKenzie et al. 2003, Fidino et al. 2019). We elected to

use the simpler autoregressive parameter approach given the already considerable model
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complexity and because our interest was primarily in the species interactions. Additionally, the
two-year interval between primary sampling periods would complicate interpretation of the

colonization and extinction parameters.

We used minimally informative normal priors, normal(0, SD = 1), on the intercepts of all
logit-linear predictors and on each species’ autoregressive parameter. We used shrinkage priors
on all other regression coefficients. Shrinkage priors are a method of model regularization that
balances model fit with model parsimony by shrinking coefficients associated with less
influential covariates toward zero while having little effect on coefficients associated with more
influential covariates (Hooten and Hobbs 2015, Van Erp et al. 2019). This approach in effect acts
as a method of model-based model selection by only retaining covariate effects that have a
detectable effect on the response variable while shrinking others toward zero (Hooten and Hobbs
2015). Each of g coefficients was given a prior of normal(0, O¢) and G was given a prior of
exponential(1). Although this method does shrink coefficients toward zero, it is not capable of

reducing them to exactly zero (Van Erp et al. 2019).
Observation Process Model

The observations, yy ; ., resulting from each survey k of site j during season # (i.e., the

survey results comprising the detection history of each site) were treated as imperfect
observations of the site’s true community state, and we modeled them as categorical random

variables:

- 1 .2 .3 .4 .5 .6 .7 .8
Yije | Zje ~ Categorical(py j . Pi.jt Pi.je Pi,jt Ph jt Ph.jt> Ph,jt> Phjit)

where py; j ¢ 1s the probability of observing community state n during survey k of site j in season

t, conditional on the true community state of the site, Z; ;. We assumed there can be no false
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positive detections of any species. Therefore, the true community state of the site constrains which community states can potentially
be observed by each survey conducted in the site. For instance, if a site is occupied by skunks and coyotes (true community state = 5),
a survey could potentially observe neither species, just skunks, just coyotes, or both skunks and coyotes (community states 1, 2, 3, or
5, respectively) but could never observe a community state containing bobcats (community states 4, 6, 7, or 8). Thus, the probabilities

in the above equation are taken from the rows of a single column, dictated by the site’s true community state, in the probability matrix:

Zjt
1 2 3 4 5 6 7 8

1]1 1- p;,j,t 1- pli,j,t 1- pllc),j,t (1 - pli,j,t) *(1— pli,j,t) (1 - pli,j,t) *(1— p}IZ,j,t) (1 - pli,j,t) *(1— p}IZ,j,t) (1 - pli,j,t) * (1 - pli,j,t) *(1- pllc),j,t)_

210 Dic,jt 0 0 Dije* (1 — Dk je) Dije* (1 — pllc),j,t) 0 Dicjie * (1 - pli,j,t) *(1- pllc),j,t)

310 0 Dic jit 0 (1 - pli,j,t) * Die jit 0 Dicje * (1 — pllg,j,t) (1 - pli,j,t) * Pieje*x (1 — pllc),j,t)

4 (0 0 0 pllc),j,t 0 (1 - pli,j,t) * Pl?,j,c (1 - pli,j,t) * Pl?,j,c (1 - pli,j,t) * (1 - pli,j,t) * P}Ic),j,:
Peslo 0 0 o P e 0 0 Pl P = (1= ph0)

6(0 0 0 0 0 P * Phjc 0 Pl * (1= Dije) * Pije

7(0 0 0 0 0 0 Phje * Pije (1= Dije) * P * P

810 0 0 0 0 0 0 Pijie * Pijt * Phje

In each true community state column, the probabilities of observing each community state (represented by the rows) are
composed of different combinations of the detection probabilities of WSS (py, jt), coyotes (Px, j ), and bobcats (p,l(" j¢) insurvey k of

site j during season . Because the probabilities in each column naturally sum to one, the multinomial-logit link is not needed. Each

species’ detection probability was estimated as a function of survey specific covariates:
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S _ re—1 T
Pkjt = logit (xk,j,tas)

c _ re—1 T
Prje = logit™"(xy jrac)

b _ —10.T
Pr,jt = logit (xk,j,t“b)

where xy ; ; is a vector of survey-specific covariates (described below) and a;, a, and a;, are
species-specific vectors of regression coefficients. To accommodate dummy occasions in the
detection histories, we used a survey effort matrix to ensure that each species’ detection
probability was fixed to zero when there was no survey effort (MacKenzie et al. 2004). We
assumed the detection of one species was not affected by the presence or detection of the other
focal species. Again, we specified priors of normal(0, SD = 1) for the logit-linear intercepts and

shrinkage priors for all other regression coefficients, as described above.

Detection and Use Covariates

To model heterogeneity in detection and use probabilities as functions of landscape,
habitat, or survey-specific conditions, we extracted covariate data from either the point of the site
itself or from a 2.28 km radius buffer surrounding the site using ArcGIS Pro (Esri, Remond, CA).
We selected this buffer size to match the estimated annual home range of male WSS, estimated
in Oregon, USA (Tosa et al. 2024). It also aligned with the upper range of estimates of annual
and seasonal home ranges of Spilogale spp. across North America (Jones et al. 2008, Thorne
2020, Harris et al. 2023). Tosa et al. (2024) similarly used a 2.5 km radius buffer to model the
effects of landscape-level covariates on WSS occupancy in similar forested habitat in Oregon.
Additionally, this home range size is within the bounds of home ranges estimated for coyotes and
bobcats elsewhere, which have been found to vary widely based on location, age, social status,

and prey availability (e.g., Knowles 1985, Knick 1990, Chamberlain et al. 2000, Gantz and
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Knowlton 2005). We clipped buftfers along shorelines and removed patches of standing, fresh
water (i.e., ponds and lakes) to exclude unavailable habitat (with respect to our terrestrial focal
species) from the buffers. We identified standing, fresh water bodies by comparing the “Open
Water” land cover category of the LEMMA GNN Structure Map data (LEMMA,;

https://lemma.forestry.oregonstate.edu/data/structure-maps) to satellite imagery. The removal of

unavailable habitats resulted in non-uniform site buffers across the study area and thus, when
appropriate, we divided covariate values by the area of the buffer from which they were

extracted.

To model heterogeneity in the detection process, we selected three survey-specific
covariates: the number of days the camera was active, the number of days bait was present, as
evidenced by the camera data, and the average nightly moon illuminance. Because surveys used
two independent detection devices—cameras and hair snares—they were considered active even
if one device malfunctioned. However, we assumed a species present at the site was more likely
to be detected via the camera than the hair snare and thus we considered the camera to be the
primary detection device. Hence, we elected to use the number of days the camera was active
rather than the number of days in the survey period. We calculated the average nightly moon
illuminance for the survey period by scaling the number of minutes the moon was above the
horizon, between sunset and sunrise, by the illuminated fraction of the moon each night of the
survey using the ‘suncalc’ package (Thieurmel and Elmarhraoui 2022) in R v.4.4.2 (R Core Team
2024). The scaled number of minutes was summed over the survey period and then divided by
the total number of nights. Marneweck et al. (2022) found that eastern spotted skunks and

bobcats exhibited altered activity patterns when comparing dark and moonlit nights and thus the
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detection probabilities of these species, especially the primarily nocturnal WSS (Verts et al.

2001), may change with differing levels of illumination.

We found that correlations were <0.60 for all three detection process covariates.
However, after initial model runs, we found that the estimated effect of the number of days bait
was present was consistently negative for the detection probability of WSS. This result would be
interpreted to mean that the longer bait was available at the site, the less likely it was that WSS
would be detected during the survey. Because bait was replenished at the beginning of each
survey, this negative effect represents a circular relationship in which bait only remained at sites
that were not visited by WSS as they were likely the cause of bait disappearing early in the
survey period. Because of this circular relationship, we removed the bait covariate from the

detection models.

To model heterogeneity in occupancy (interpreted as the probability of use) we selected
eight covariates that broadly described forest conditions, landscape conditions, and levels of
human disturbance. To avoid the model becoming overly complex, we limited the number of
covariates we included and selected parameters that were likely to affect use by all three focal
species. We used the 2012 LEMMA GNN structure map data to describe the forest conditions
surrounding each site (Happe et al. 2020). We classified all areas with >40% canopy cover as
forested habitat and all other areas as open habitat. We then calculated the proportion of each
site’s buffer that consisted of forested habitat. Next, we measured the cumulative length of
borders (edges) between forested and open habitats in each site buffer. The removal of standing,
open water bodies (fresh and salt) ensured that transitions from forested habitat to open water
were not included in calculating the length of forest edge. We determined the edge density of

each site by dividing the cumulative length of forest edge by the area of the site’s buffer. Finally,
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we calculated the average tree density of the forested habitat in each site’s buffer. We used a 10
x 10 m resolution digital elevation model (University of Washington’s State-GIS Data;

https://wagda.lib.washington.edu) and annual precipitation data (PRISM Climate Group;

https://prism.oregonstate.edu) to identify the elevation and average annual precipitation of each

site. We also used the 2013 National Land Cover Database (NLCD) (USGS;

https://www.usgs.gov/centers/eros/science/national-land-cover-database) to describe human

disturbances in the study area. We combined all NLCD Science Products Land Cover categories
describing human development (Open Spaces and Low—High Development Intensities) into a
“developed land” category. Additionally, we combined the Hay/Pasture and Cropland categories
into an “agricultural land” category. We used the NLCD Urban Impervious Descriptor data to
identify roads in the developed land and separated them into their own category. We then
determined the proportion of each site’s buffer composed of developed land and agricultural land

as well as its road density.

We checked for correlations >0.60 between each of the covariates. We found that the
proportion of forested habitat was correlated with forest edge density (r = -0.86) and the
proportion of agricultural land was correlated with the proportion of developed land (r = 0.68).
We elected to retain the forest edge density covariate as increased edge habitat can reduce the
functional size of habitat patches for prey species that avoid habitat edges in an attempt to reduce
predation risk (Bowers and Dooley 1993, Fagan et al. 1999, Moriarty et al. 2015) and,
conversely, some predators can be drawn to edges owing to increased foraging success or ease of
movement (Dijak and Thompson 2000, Svobodova et al. 2011). We also retained the developed
land covariate as only 3009 sites (43%) consisted of any amount of agricultural land and thus the

developed land category was a more representative metric of human disturbance.
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We scaled each of the covariates in the detection and state processes. By scaling the
covariates, the magnitude and direction of individual coefficient estimates can be directly
compared to determine which covariates were the most influential on species’ use and detection
probabilities or to compare the effects of covariates between species. The 95% credible interval
(CI) associated with each estimated coefficient can be used to infer uncertainty in the estimate’s
magnitude and direction of effect based on whether the interval contains zero and, if so, how
much of the interval lies on each side of zero. We interpreted coefficient estimates with an

absolute value <0.05 as having no effect due to their small size.
Model Fitting and Selection

All models were fit using the ‘NIMBLE’ package (de Valpine et al. 2017, 2024) in R. To
evaluate support for our hypotheses, we constructed three separate models. Within each model,
we used the same set of covariates in the logit-linear equations describing the first-order natural

parameters ( fj?t, fj'zt, fj?t): site elevation, annual precipitation, forest edge density, tree density,

precent of developed land, road density, and the autoregressive “persistence” parameters. We
also used the same set of covariates in the detection process of each model: the number of days
the camera was active during the survey and the average nightly moon illuminance. However, we

altered the parameterization of the second-order natural parameters ( fjltz, f]1t3, fﬁf’) to induce

different interaction relationships in each model. In the first model (M1) we allowed the effects
of interactions between species to vary depending on site-specific conditions by modeling the
second-order natural parameters as functions of the same site-level covariates as the first-order
natural parameters. This would allow site conditions to amplify or mute interspecific
interactions. In the second model (M2) we implemented a constant interaction effect between

species by only including the intercept in the logit linear equations of the second-order natural
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parameters. Finally, in the third model (M3), we removed the interaction effects and allowed
each species to occur independently of the others by setting the second-order natural parameters

to zero.

For each of the three models, we ran three Markov chains for 100,000 iterations and
discarded a burn-in of 10,000 samples. Thus, we made inference from 270,000 samples from the
posterior distributions of parameters. Evidence of model convergence was assessed using trace
plots generated with the ‘MCMCvis’ package (Youngflesh 2018) and Gelman-Rubin diagnostics
(R) < 1.1 (Gelman and Rubin 1992) generated with the ‘coda’ package (Plummer et al. 2006).
We performed a goodness-of-fit test on the global model, M1, using a Bayesian p-value, by
comparing the deviance residuals of our observations to those of model-predicted observations
(Broms et al. 2016). Bayesian p-values near 0 or 1 would indicate a substantial lack of fit (Broms
et al. 2016). The top model was then selected using Watanabe-Akaike information criterion
(WAIC) scoring. There is no clear consensus on what model selection method is the most
appropriate for Bayesian hierarchical models, but WAIC has been identified as a suitable tool
(Hooten and Hobbs 2015, Broms et al. 2016) and has been used in conjunction with the same

multispecies occupancy model used here (Rota et al. 2016, Parsons et al. 2019).
Temporal Overlap Analysis

Temporal partitioning of resources (i.e., accessing prey or habitat at different times)
represents another means by which competing species may avoid encounters. Thus, to examine
the temporal relationships among the focal species, we measured the extent of overlap in activity
patterns through time. To do so, we used time-stamped camera data to determine the time of day
that each detection occurred for WSS, coyotes, and bobcats. For each species, we removed any

detections that occurred within 30 minutes of an initial detection as we assumed they were not
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independent detections (Ridout and Linkie 2009). We used the R package ‘overlap’ (Meredith et
al. 2024) to construct average daily activity patterns for each species and then estimated the
coefficient of overlapping (A; Ridout and Linkie 2009) for each species pairing. Because WSS
are nocturnal, we also estimated A using only the detections of each species that occurred during
the period in which WSS were active, as determined by the average daily activity pattern
constructed in the initial analysis. Because our smallest sample size had more than 50
observations, in both iterations of the analysis, we report the package’s 4, estimator value which
was found to be the most reliable estimator for relatively large sample sizes (Ridout and Linkie
2009, Meredith et al. 2024). Confidence intervals were calculated within the package using 500
bootstrap samples. The value of A can range from 0—1, with 0 indicating no overlap in activity

patterns and 1 indicating complete overlap (Ridout and Linkie 2009).
Results

In total, 976 sampling stations were assigned to 712 sites. Across all sites and years,

2,709 surveys were conducted. Additionally, 239 of the 712 sites were re-sampled in season 2.
Cameras were active during survey periods for an average of 13.8 days and were operational for
the full survey period in 95.6% of surveys. Western spotted skunks were detected via DNA only
(i.e., not also detected by camera) in 27 surveys. At 11 sites, DNA accounted for the only WSS
detections in the site across all surveys. No coyotes or bobcats were detected via DNA. During
season 1, WSS were detected in 218 sites (naive use: 30.6%) and coyotes and bobcats were each
detected in 118 sites (naive use: 16.6%). During season 2, of the 239 sites resampled, WSS were
detected in 100 sites (naive use: 41.8%), coyotes were detected in 32 sites (naive use: 13.4%),

and bobcats were detected in 52 sites (naive use: 21.8%).
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All three models achieved convergence and the goodness-of-fit test indicated the global
model (M1) fit our observations well (p = 0.497). The model assuming all three species use
space independently of one another (M3) was selected as the top model via WAIC scoring (Table
2). There was separation between M3 and the models containing species interactions as indicated

by respective AWAIC values of 11 and 94 for the other candidate models.

Table 2. Model ranking via WAIC. AWAIC is the difference in WAIC score from the top model.

Model | Description WAIC | AWAIC
M3 | Second-order natural parameters set to 0 3441 0
M2 | Second-order natural parameters modeled as intercept only 3452 11

Second-order natural parameters modeled as functions of site-level
M1 | covariates 3535 94

Model estimates of the marginal probability of use differed between the two seasons.
During season 1, the marginal probabilities of use for WSS, coyotes, and bobcats were 33.1%
[95% credible interval = 32.0%, 34.6%], 27.8% [24.3%, 32.4%], and 60.0% [42.4%, 83.0%],
respectively. During season 2, the marginal probabilities of use for WSS, coyotes, and bobcats
were 44.7% [42.7%, 46.9%], 23.0% [18.4%, 29.3%], and 72.4% [52.7%, 91.2%], respectively.
The autoregressive parameter was positive for WSS (0 = 1.47 [0.91, 2.06]). For bobcats it was
also positive, but the credible interval included 0 (6 = 1.07 [-0.16, 2.47]). For coyotes, it was
essentially 0 (6 =-0.10 [-1.03, 0.80]). This indicates that WSS and possibly bobcats were more
likely to continue to use a site in season 2 if they had used it in season 1, while use in a previous

season had no discernible effect on coyote use of a site.

The average detection probability for WSS, coyotes, and bobcats was 64.3% [95%
credible interval = 60.7%, 67.8%], 28.3% [23.4%, 33.8%], and 11.1% [8.0%, 15.7%],
respectively (Fig. 2). The number of days the camera operated during a survey had a weak

positive effect on bobcat ( = 0.08 [-0.06, 0.26]) detection probability and strong positive effects
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on WSS (B=0.20[0.07, 0.34]) and coyote (f = 0.43 [0.18, 0.70]) detection probability. Moon
illumination had a weak positive effect on WSS (B =0.08 [-0.03, 0.21]) and coyote (f = 0.07
[-0.06, 0.24]) detection probability, whereas the effect was nearly zero for bobcat detection

probability (B = 0.04 [-0.08, 0.19]).
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Figure 2. Detection probability estimates (line) and 95% credible interval (CI, shaded area) for
western spotted skunks, coyotes, and bobcats in relation to the number of days the camera was
active during the survey and the average nightly moon illuminance during the survey. Species-
specific beta estimates and accompanying CI are labeled and estimates with a CI that does not
overlap zero have been bolded. Green shaded areas indicate positive beta estimates. Beta
estimates with absolute values <0.05 are represented by dashed lines and gray shaded CI areas to
indicate non-effect. Black line segments (n = 2,709) represent the covariate values for every
survey period. The gray, dashed line represents the mean value of the covariate across all
surveys. The x-axis units of each graph have been back-transformed to the original units of the
respective covariate.
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Forest density had a strong positive effect on WSS (B = 0.42 [95% credible interval =
0.24, 0.60]) space use and had weak positive effects on coyote (B = 0.11 [-0.09, 0.37]) and
bobcat (B =0.15 [-0.13, 0.54]) space use (Fig. 3). Western spotted skunks and bobcats were
negatively associated with forest edge density (WSS B =-0.35 [-0.55, -0.14]; bobcats f =-0.16
[-0.68, 0.19]), whereas the effect was near zero for coyotes (B =-0.01 [-0.25, 0.22]). Road
density had a strong positive effect on WSS use (p = 0.24 [0.05, 0.44]) but the effect was near
zero for bobcats (B = 0.04 [-0.29, 0.44]) and coyotes (f = 0.00 [-0.20, 0.21]). Coyotes had a
strong positive association with the percent of developed land around the site (f = 3.92 [1.83,
6.67]), whereas the effect was near zero for bobcats (B =0.03 [-0.51, 1.01]) and WSS were
negatively associated with developed land (B =-0.21 [-0.52, 0.01]). Western spotted skunks (B =
-1.26 [-1.55, -1.00]) and coyotes (B = -0.45 [-0.74, -0.16]) exhibited strong negative associations
with elevation while the effect was near zero for bobcats (B =-0.03 [-0.41, 0.41]). Coyotes (B =
0.46 [0.18, 0.75]) had a strong positive association with the average annual precipitation at sites
and WSS (B =0.10 [-0.05, 0.27]) and bobcats (f = 0.28 [-0.06, 0.77]) had weak positive

associations with annual precipitation.

Time stamp data, taken from camera detections, corresponded to 4,471 WSS detection
events, 416 coyote detections events, and 221 bobcat detections events. Western spotted skunks
were primarily nocturnal with a peak in their activity at approximately 0400 followed by a steep
decline; activity was suppressed during the day (Fig. 4). Coyotes were more active during the
night and early morning but did not cease activity during the day. Bobcats exhibited the least
amount of variability in their activity patterns but were the least active around 1200. When

considering all detection events, coyotes and bobcats had the greatest amount of activity overlap
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Figure 3. Marginal
probability of use estimates
(line) and 95% credible
interval (CI, shaded area) for
western spotted skunks,
coyotes, and bobcats in
relation to six site-specific
covariates. Species-specific
beta estimates and
accompanying CI are labeled
and estimates with a CI that
does not overlap zero have
been bolded. Green and red
shaded areas indicate positive
and negative beta estimates,
respectively. Beta estimates
with absolute values <0.05
are represented by dashed
lines and gray shaded CI
areas to indicate non-effect.
Black line segments (n =
712) along the x-axis
represent the covariate value
of every site. The gray,
dashed line represents the
mean value of the covariate
across all sites. The x-axis
units of each graph have been
back-transformed to the
original units of the
respective covariate.
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(A=0.88, 95% confidence interval (CI) = 0.82, 0.94), followed by WSS and coyotes (A = 0.64,
95% CI=0.59, 0.68) and then WSS and bobcats (A= 0.59, 95% CI = 0.53, 0.65).When
considering only detections that occurred between 1800 and 0730 (i.e., the period during which
WSS were active), the estimated extent of overlap between WSS and coyotes and bobcats
increased (WSS/coyotes: A= 0.87, 95% CI: 0.82, 0.91; WSS/bobcats: A= 0.80, 95% CI: 0.73,

0.87).
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Figure 4. Daily activity patterns representing when WSS, coyotes, and bobcats are active
throughout the day on the Olympic Peninsula. Note that the x-axis begins and ends at noon with
midnight centered.

Discussion
Species Interactions

Our best supported model indicated that all three species use space independently of one
another, aligning with our prediction that WSS do not avoid coyotes and bobcats. Furthermore,

when considering only the nocturnal period during which WSS are active, their activity
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overlapped extensively with coyotes and bobcats (A= 0.87 and 0.80, respectively). These
findings, taken together, lend support to our first hypothesis that the constitutive defense of
skunks mitigates the risk of IK during encounters with larger bodied carnivores. However, the
model results do not support our second hypothesis that the body size advantage of coyotes and
high dietary overlap with bobcats promotes IK, which predicts that bobcats should avoid
coyotes. Likewise, the lack of temporal avoidance between bobcats and coyotes, indicated by a
high coefficient of overlapping (A = 0.88), suggests a high probability for encounters between
the two species if they are using the same sites and therefore does not support our second

hypothesis.

Our findings that indicate that WSS do not avoid coyotes and bobcats are in agreeance
with other multispecies occupancy studies that have found no evidence that eastern spotted
skunks or striped skunks avoid those larger carnivores spatially (Lesmeister et al. 2015, Avrin et
al. 2023). Furthermore, studies investigating interactions between skunks and coyotes and
bobcats using methods other than occupancy analysis have found that skunk species, across
North America, are rarely depredated by larger mammalian carnivores (Sperry 1941, Sargeant et
al. 1982, Gehrt 2005, Prange and Gehrt 2007, Tewes et al. 2017), and that they do not exhibit a
behavioral or spatial response to increased carnivore activity (Prange and Gehrt 2007, Fisher and
Stankowich 2018). Observations of coyotes, and other large carnivores, avoiding agonistic
interactions with skunks demonstrate the potency of their noxious defense. Striped skunks forced
coyotes to flee from experimental bait stations (Fisher and Stankowich 2018) and WSS, in
California, were able to usurp and defend carrion resources from larger carnivores including a
mountain lion (Allen et al. 2013, 2016). Although our findings indicate that WSS use space

independently of these larger carnivores, they do not imply that attacks on WSS by coyotes and
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bobcats do not occur on the Olympic Peninsula but rather suggest that the risk of mortality from
IK is not great enough to result in a population-level spatial response by WSS to the presence of

these larger carnivores.

When examining the full daily activity patterns of all three species, the nocturnal activity
of WSS does appear to result in reduced exposure to coyotes and bobcats as evidenced by
moderate coefficients of overlapping (WSS/coyote: A= 0.64; WSS/bobcat: A= 0.59), however
coyotes and bobcats were primarily active during the same condensed period in which WSS were
active. Indeed, we found that the activity patterns of coyotes and bobcats overlapped extensively
with that of WSS when only nocturnal detections were considered (WSS/coyotes: A= 0.87;
WSS/bobcats: A= 0.80). Marneweck et al. (2022) found very similar levels of temporal overlap
with coyotes and bobcats when examining the nocturnal activity of eastern spotted skunks.
Considerable temporal overlap with these larger carnivores during the period in which WSS have
concentrated their activity suggests that the nocturnal activity of WSS is not driven by temporal
avoidance of coyotes and bobcats. Nocturnality is a shared trait among Spilogale spp. (Crabb
1948, Verts et al. 2001) and may be influenced by a variety of factors other than predation and IK
risk, such as prey activity patterns and foraging efficiency (Theuerkauf et al. 2003). Coyotes and
bobcats displayed a relatively uniform activity pattern and thus the opportunity to temporally
avoid these species may be limited. However, mid-afternoon represents the greatest opportunity
for temporal avoidance for WSS. In fact, if we assumed that all WSS detections happened
exactly 12 hours later than they actually occurred, the coefficients of overlapping would be
decreased (WSS/coyote: A=0.41, 95% CI: 0.37, 0.45; WSS/bobcat: A= 0.46, 95% CI: 0.40,
0.52). Thus, if predation and IK were exerting significant pressure, WSS could reduce the

probability of encountering coyotes and bobcats by shifting their activity to midday. We
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recognize that other constraints, such as a high risk of predation by avian predators during the
day (Stankowich et al. 2014), could prevent WSS from shifting their activity period even if
predation and IK from coyotes and bobcats was a significant threat. However, if predation and
IK from coyotes and bobcats were significant threats and WSS were unable to respond through
temporal avoidance, we would expect spatial avoidance to be their main recourse. Therefore, the
observed lack of temporal avoidance, when coupled with a lack of spatial avoidance as indicated
by our top model, further supports our hypothesis that the constitutive defense of skunks

mitigates the risk of IK by larger predators.

The finding that bobcats do not spatially or temporally avoid coyotes is surprising, as the
pairing of these two species ranks highly in regard to the greatest predictors for IK; namely, high
dietary overlap and slight body size disparity. Dietary analyses have revealed nearly identical
diets for coyotes and bobcats in our study area (Witczuk et al. 2015). Additionally, coyotes are
1.5 times larger than bobcats (Dalquest 1948), which approaches the highest risk body size
disparities of 2—4 (Prugh and Sivy 2020). Based on these conditions, we would expect intense
interference competition and high likelihoods of IK, with coyotes being the dominant species.
Yet, a review of studies investigating interactions between coyotes and bobcats found that only
approximately 25% have found evidence of interference competition (Dyck et al. 2022). Coyotes
have been found to engage in IK against bobcats (Litvaitis and Harrison 1989, Fedriani et al.
2000, Kamler and Gipson 2004) but observations of killings are relatively rare (Dyck et al.
2022). Coyotes may avoid engaging in IK of bobcats because although bobcats do not have
potent chemical defenses like WSS, they are more heavily armed than coyotes, with sharp claws,
which may nullify the coyote’s slight body size advantage (Allen et al. 2016). In direct

confrontations between the two species, bobcats were found to successfully displace coyotes
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from carrion resources in the majority of encounters (Allen et al. 2016). This lack of evidence for
IK between coyotes and bobcats is another departure from the predicted relationship between
carnivores based on body size and dietary overlap. This alternative result could be explained by

an advantage owing to increased physical defenses (i.e., claws in addition to teeth).

For any predator, the decision to engage in IK is influenced by many risk and reward
factors (Palomares and Caro 1999, Donadio and Buskirk 2006, Prugh and Sivy 2020). Although
the constitutive defense of WSS is likely a considerable deterrence, it is likely not the only
mitigating circumstance benefiting WSS. The large body size disparities between WSS and
coyotes and bobcats fall well outside of the range of body size ratios most likely to promote 1K
(Prugh and Sivy 2020). Furthermore, although the diets of these three species overlap with
respect to small mammals, they use different primary prey, as WSS are primarily insectivorous
and coyotes and bobcats in our study system heavily rely on mountain beavers and snowshoe
hares (Witczuk et al. 2015, Tosa et al. 2023). The core motives for IK are thought to be
reductions of exploitative competition or the risk of reciprocal killing or killing of offspring
(Palomares and Caro 1999). Western spotted skunks do not pose an IK risk to coyotes or bobcats,
nor their offspring, and exploitative competition is likely low because of low dietary overlap.
Therefore, the non-consumptive motives of IK against WSS may be lacking in this system. By
contrast, coyotes and bobcats should exert considerable exploitative competition pressure on
each other. However, abundant prey resources are thought to mediate the effects of exploitative
competition between these species in other systems (Witmer and deCalesta 1986, Neale and
Sacks 2001), and in turn reduce the incentive for direct agonistic interactions. This could

potentially be the case on the Olympic Peninsula, but we currently lack data on prey abundance.
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Additionally, as noted above, although coyotes are larger, bobcats are more heavily armed and

thus the risk of injury to a coyote may outweigh the potential rewards of engaging in IK.

Although our finding that these three species do not spatially avoid one another gives us
reason to infer that IK does not have a strong effect on the populations of WSS or bobcats, the
consequences of IK could manifest in a variety of ways that may be obscured by detection/non-
detection data. The binary nature of detection/non-detection data means that only a single
detection of a species is required to confirm that it is using a site. Thus, if WSS or bobcat
populations were being reduced in abundance through IK by their respective dominant
competitor(s) but not completely excluded from shared habitats, we may still find no evidence of
spatial avoidance. Additionally, detection/non-detection data cannot relay information regarding
the fitness of individuals that are detected in shared habitats with predators or dominant
competitors. For instance, juvenile American marten (Martes americana) that are forced to
disperse from natal territories into habitats shared with larger-bodied fishers suffer increased
rates of mortality (Jensen and Humphries 2019). Thus, although a subordinate competitor may be
detected in shared habitats, IK may still have negative consequences for its population. We
currently do not know how the abundances of our focal species or individual fitness varies across
environmental gradients or in the presence of one another in our study area. Future studies using
capture-mark-recapture techniques or GPS/telemetry tracking would be better suited to collect
data regarding abundances and demographic rates of these populations to further investigate the

effects of interactions within this carnivore community.

Species-specific Detection

Western spotted skunk detection probability, under the average survey conditions, was

high (64.3%). Similar detection probabilities were reported for WSS in Oregon, after accounting
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for differences in survey length (1 week vs 2 weeks; Tosa et al. 2024), suggesting this species is
highly detectable in the Pacific Northwest. By contrast, the detection probabilities of coyotes and
bobcats were low; 28.3% and 11.1%, respectively. Low detection probabilities (~25-32%) have
been reported elsewhere for these species (Long et al. 2011, Robinson et al. 2014, Lesmeister et
al. 2015) and trap-shyness has been attributed to both species (Harris and Knowlton 2001,
Séquin et al. 2003, Larrucea et al. 2007, Lesmeister et al. 2015). A tendency to avoid novel
stimuli such as the cameras, hair snare cubbies, and scent lures used in this study may have
contributed to the low detection probabilities of coyotes and bobcats. The probability that the
focal species will be detected in a site after k surveys is 1 — (1 — p)¥, where p is the detection
probability during a single survey. MacKenzie and Royle (2005) suggest that studies should be
planned with enough surveys to attain site detection probabilities >0.85. With three surveys
conducted at each site, on average, the site detection probability of WSS was 0.95. However, site
detection probabilities for coyotes and bobcats in our study were 0.63 and 0.30, respectively.
These low detection probabilities likely impacted the precision of parameter estimates in our
model. Coefficient estimates related to the number of days the camera was active during a survey
indicate that coyote detection probability would have benefited from longer survey intervals but
gains in bobcat detection probability would be limited. Therefore, we suggest that future camera
trap studies focused on coyotes and bobcats on the Olympic Peninsula should increase the

number of surveys rather than the length of survey intervals.

Contrary to studies focused on eastern spotted skunks (Thorne et al. 2017, Benson et al.
2019, Marneweck et al. 2022), we did not find that moon illumination negatively affected the
detection probability of WSS. Our model results indicated that average moon illumination may

have had a weak positive effect on WSS and coyote detection probabilities and no effect on
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bobcat detection probability. Increased predation risk from mammalian and avian predators such
as great-horned owls (Bubo virginianus) and barred owls (Strix varia) on brightly lit nights has
been suggested as the mechanism driving reduced eastern spotted skunk nightly activity. Indeed,
a study focused on the Florida spotted skunk (S. p. ambarvalis) found that in habitats with low
avian predator activity, moon illumination did not affect nightly activity (Harris et al. 2023).
Barred owls are known predators of WSS (Tosa et al. 2022) and are present in our study area
(Yackulic et al. 2019). Thus, WSS in our study are exposed to the full suite of predators, which
eastern spotted skunks appear to avoid by restricting activity during brightly lit nights. The
length of our survey periods required us to use an average moon illuminance value encompassing
13 nights on average whereas studies examining the effect of moon illumination on eastern
spotted skunk activity modeled detection probability or activity rates on a nightly basis (Thorne
et al. 2017, Benson et al. 2019, Marneweck et al. 2022). The use of an average moon illuminance
value rather than a nightly value may have obscured the effect of moon illuminance on WSS
detection probability. Additionally, we did not directly measure light values at survey stations
and true moon illuminance values were very likely affected by cloud and canopy cover, which

we were unable to account for.

Species-specific Habitat Use

Like many small forest carnivores, Spilogale spp. have been found to select habitats with
dense understories and closed canopies (Lesmeister et al. 2008, 2009, Hassler et al. 20215). The
use of protective habitat types may be an important reason WSS are able to coexist with coyotes
and bobcats. Indeed, other mesocarnivores have been found to make use of habitat features to
allow them to evade agonistic encounters while spatially overlapping with coyotes. For instance,

the arboreal abilities of raccoons (Procyon lotor) and the use of prairie dog tunnels by kit foxes
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(Vulpes macrotis) have been suggested as the primary means by which they avoid IK by
sympatric coyotes (Gehrt and Prange 2007, Moehrenschlager et al. 2007). Perhaps most
importantly, though, dense forests and closed canopies provide protection from avian predators
(Lesmeister et al. 2013), such as the barred owl, as avian predators have been found to be the
greatest source of mortality for Spilogale spp. (Lesmeister et al. 2010, Butler et al. 2021, Tosa et
al. 2022). Although we were unable to directly evaluate the relationship between WSS space use
and avian predation risk, our results align with avian predator avoidance being a key factor in
habitat selection for WSS. Namely, in our study area WSS were more likely to use dense forests
and to avoid areas with high edge density. Lesmeister et al. (2010) found that 92% of the avian-
caused mortalities of eastern spotted skunks in their study occurred in forests characterized by
open canopies and sparse understories highlighting the importance of dense escape cover for
Spilogale spp. Additionally, we found that edge density was characterized by a strong negative
correlation (r = -0.86) with the proportion of forested habitat surrounding a site. Thus, the strong
negative response to edge density is also a response to decreasing proportions of forested habitat
in the surrounding area. Similarly, the occupancy probability of eastern spotted skunks in
Arkansas, USA was found to be positively associated with forest stand size (Lesmeister et al.
2013). Large, contiguous forest patches likely reduce the need to traverse open habitats, and thus
risk exposure to avian predators, as they are more likely to contain sufficient resources, such as
prey, within their boundaries than small forest patches. The strong positive effect of road density
seems to oppose their avoidance of edge habitats and the idea that WSS are selecting habitat
based on avian predator avoidance, as use of roads would inherently mean moving without cover.
Nevertheless, WSS in Oregon were also more likely to use areas within their home ranges that

were close to roads (Tosa et al. 2024). Tosa et al. (2024) reported extremely large annual home
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ranges for WSS (10.93-35.83 km?) in Oregon and if annual home range sizes are similar in our
study area, perhaps the energetic savings of moving on smooth road surfaces is worth the risk of

exposure to avian predators.

Human presence may also present a risk of mortality, as WSS appeared to avoid
developed land (Bdeveloped = -0.21[-0.52, 0.01]). Incentives for associating with human
development include food subsidies and, for some mesocarnivores, potentially reduced exposure
to larger carnivores that avoid humans (Prugh et al. 2023). However, associating with human
presence may result in increased mortality via hunting, trapping, or vehicle collisions (e.g.,
Hinton et al. 2015). The majority of sites in our study were surrounded by very little developed
land (mean = 0.6%), but a few sites were surrounded by high amounts of developed land (max =
41.0%). These sites may have affected the precision of our estimates of the effect of developed

land for all three species.

Previous research on the Olympic Peninsula found that WSS were generally associated
with low elevation riparian habitats (Carey and Kershner 1996) and our model results support
those habitat associations. Carey and Kershner (1996) reported that WSS had been trapped on the
Olympic Peninsula at elevations of up to 880 m, but they did not capture any above 500 m. In
this study, 90% of sites where WSS were detected were located below 500 m but one detection
did occur at 1,168 m. Elevation was the most important covariate in determining WSS space use
and had a strong negative effect. Tosa et al. (2024) found that WSS in Oregon also avoided high-
elevation areas. Avoidance of high elevations seems to be common amongst Spilogale spp., as
eastern spotted skunk occupancy studies have also reported similar results (Hackett et al. 2007,
Thorne et al. 2017, Eng and Jachowski 2019). This strong avoidance of high elevations has been

attributed to the need to avoid deep snow accumulations (Carey and Kershner 1996, Tosa et al.
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2024). Finally, WSS showed a weak, positive relationship with annual precipitation. Greater
amounts of precipitation support mesic forest types and may sustain a higher density of wetlands,
streams, and rivers than drier areas. For instance broadleaf riparian forest types occur mostly on
the west side of the Peninsula where precipitation is greater due to the rain shadow effect
(Nielsen et al. 2021). Thus, increased use of areas with high precipitation may suggest greater
use of wet riparian areas, which provide abundant foraging opportunities, and generally have

dense understories, which provide important cover from avian predators (Carey and Kershner

1996).

Coyote space use was most influenced by a strong positive association with the
proportion of developed land surrounding a site. This result is not surprising as coyotes generally
show positive associations to developed lands across their range (Poessel et al. 2017). Developed
areas provide coyotes with anthropogenic food subsidies and can act as “human shields” (Prugh
et al. 2023), whereby coyotes reduce their exposure to larger carnivores, such as wolves (Canis
lupus) and cougars (Puma concolor), by taking advantage of their tendency to avoid areas with
human activity. In our study area, coyotes may be making use of the “human shield” to avoid
sympatric cougars or their tolerance for disturbance may simply allow them to make use of open
habitats and food sources that may be inaccessible to other competitors. The estimated effect of
developed land on coyote space use was the largest effect estimated for all species across all
covariates. This was likely caused by the majority of sites having very low percentages of
developed land in their surrounding areas and coyotes being detected at the limited number of
sites that had high proportions of developed land in the area. Coyotes were also strongly
associated with low elevation habitats. This finding is interesting as coyotes have been

implicated as the main cause of decline in the Olympic marmot (Marmota olympus) population,
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which exclusively occupies high elevation alpine meadows (Witczuk et al. 2013). Alpine
meadows generally occur at and above 1,350 m in elevation (Nielsen et al. 2021). Only 19 sites
in this study were situated at or above 1,350 m and thus we are unable to rigorously evaluate if
coyotes use high elevation areas, but with a small sample size and low detection probability,

coyotes using high elevation areas may have gone undetected.

As a coursing predator, coyotes are often associated with open habitats (Arjo and
Peltscher 2004, Hinton et al. 2015), but as habitat generalists they make use of forested habitats
as well (Créte et al. 2001). Coyote populations residing in forests may be limited by bottom-up
trophic factors, as they may have difficulty foraging in dense vegetation (Créte et al. 2001).
Thus, habitat use in forests may be heavily dictated by prey availability. Coyote space use in the
forested habitats of our study area may be tracking the habitat preferences of their primary prey:
snowshoe hares and mountain beavers. Snowshoe hares are known to have a strong affinity for
dense forest cover, which they use to evade predators (Litvaitis et al. 1985, Feierabend and
Kielland 2014). Mountain beavers use forests of all seral stages but show preference for forest
openings with dense forb and herbaceous growth such as recently regenerated clear cuts (Arjo et
al. 2007). Mountain beavers are also highly reliant on freshwater streams as their kidneys do not
efficiently concentrate urine (Schmidt-Nielsen and Pfeiffer 1970). These habitat associations
may be driving the weak positive association with forest density and the strong positive

association with increased annual precipitation rates that we observed for coyotes.

The lack of strong predictors of bobcat space use may stem from their low detection
probability in this study. The small sample size of bobcat detections limited our ability to
accurately assess their habitat associations. The effects of the percentage of developed land

surrounding the site, road density, and elevation were near zero and there was considerable
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uncertainty in the magnitudes and directions of effects for the remaining predictors. Witczuk et
al. (2015) found evidence, using the distribution of scats across forested and open habitats, that
bobcats on the Olympic Peninsula select for forested habitats, and selection for forested habitats
has also been documented elsewhere (Clare et al. 2015). Our results also show weak evidence for
a positive association with forest density and a negative association with edge density. Again,
negative associations with edge density are also negative responses to a decreasing amount of
forested habitat surrounding a site. Thus, a negative association with edge density may also be
connected to the species’ general selection for forested habitats. It would also be reasonable to
assume that bobcat space use may be dependent on prey availability. Indeed, evidence that
bobcat space use may be driven by prey availability has been found elsewhere in its range
(Litvaitis et al. 1986, Bled et al. 2015, Morin et al. 2020). Thus, similarly to coyotes which
bobcats mirror in diet, positive associations with forest density and sites that receive more annual

precipitation may be driven by access to snowshoe hares and mountain beavers.

Future Research

Little is known about WSS in the Pacific Northwest, but a small body of literature is
growing (Carey and Kershner 1996, Tosa et al. 2022, 2023, 2024). With so little known about the
species, there is risk that this species will suffer the same fate as the eastern spotted skunk, which
experienced a precipitous decline that went largely unnoticed for 50 years (Gompper and Hackett
2005). Moreover, a lack of basic knowledge of the eastern spotted skunk hindered monitoring
and management efforts after its decline was recognized. For instance, Gompper and Hackett
(2005) note that, at the time, researchers did not have a clear understanding of basic ecological
information such as the species’ habitat preferences. Studies were required to identify optimal

monitoring methods (e.g., cameras vs track plates (Hackett et al. 2007) and bait types (Eng and
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Jachowski 2019)) to reliably detect the species before large scale monitoring could be
implemented. Considerable effort has been invested into research on the eastern spotted skunk
(Jachowski and Edelman 2021) and has led to the formation of the Eastern Spotted Skunk
Cooperative Study Group. This group has identified key knowledge gaps in eastern spotted
skunk research and management (Eastern Spotted Skunk Cooperative Study Group 2020) many
of which are applicable to WSS in the Pacific Northwest, such as understanding how forestry
practices affect local populations; estimating survival, mortality, and reproductive rates; and
investigating the genetic health of the population. Fortunately, WSS currently appear to be
common on the Olympic Peninsula, allowing researchers to collect robust datasets on which to

base management decisions to ensure that this species remains common (Tosa et al. 2024).

We used broad habitat covariates that offer insights into the large-scale habitat
requirements of WSS, but a single-species occupancy model could allow for a much more in-
depth examination of habitat associations. Results from such a study could be compared to the
findings of the WSS single-species occupancy analysis conducted using data from Oregon’s
Cascade Mountain Range (Tosa et al. 2024) to determine how consistent the habitat associations
of the species are throughout the Pacific Northwest. Telemetry or GPS tracking of the species
could provide information on survival and direct evidence of which species, if any, are
responsible for WSS mortalities. The unique pelage patterns of the species may also provide the
means to estimate abundance and density using non-invasive monitoring techniques (Karanth
and Nichols 1998). Estimating baselines for these demographic parameters would be important

to identifying changes to the abundance of the local population should they occur.

Finally, continued exploration of interactions among WSS and the wider predator

community of the Olympic Peninsula is warranted. In particular, how WSS respond to the
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presence of avian predators such as the invasive barred owl should be examined. Avian predators
have been identified as the greatest source of mortality for Spilogale spp. (Lesmeister et al.
2010), likely because the constitutive defenses of skunks are unlikely to be as effective against
these aerial predators, which do not have strong olfactory senses (Stankowich et al. 2014). If
paired with data on owl presence, the framework presented in this study could serve as a starting
point for testing the prediction that, unlike bobcats and coyotes, owls may elicit avoidance by
WSS. Additionally, the recovering fisher population on the Olympic Peninsula presents another
potential source of IK for WSS. Fishers and WSS exhibit a body size disparity of 3.3-9 (fishers:
2-5.5 kg; Pauli et al. 2022) and share use of small mammal and insect prey (Zielinski et al. 1999,
Weir et al. 2005), which may promote IK of WSS by fishers. The fisher is well known for
overcoming the constitutive defense of porcupines (Earle and Kramm 1982, Weir et al. 2005) and
a dietary analysis of fishers in California’s Sierra Nevada Mountains found evidence of WSS
predation (Zielinski et al. 1999). Thus, fishers may be a more likely threat to WSS on the
Olympic Peninsula than coyotes and bobcats. Examining the interactions of these forest
carnivores may provide important insights into how the WSS population will respond to the

continued growth and expansion of the recovering fisher population on the Olympic Peninsula.

Conclusion

In this study we investigated how the constitutive defense of a small carnivore, the WSS,
may mitigate the risk of mortality during encounters with two larger sympatric carnivores and
thus obviate the need for avoidance. Using a multispecies occupancy model and temporal
overlap analyses, we found no evidence that WSS avoid coyotes or bobcats. Nor did we find
evidence that bobcats avoid coyotes. The decision to engage in IK is clearly complex and the

instigator must weigh the reward of removing a competitor or potential predator from the
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landscape or the procurement of a meal, if the victim is consumed, against the risk of sustaining
potentially life-threatening injuries during a struggle with their would-be victim. The constitutive
defense of WSS is very likely a potent mitigating defense against IK. Likewise, although bobcats
do not have a sophisticated defense, their sharp claws in addition to teeth may make them a
formidable opponent that coyotes are hesitant to attack. Notably, however, the high dietary
overlap of coyotes and bobcats places them into exploitative competition with one another.
Bobcats may not have suffered an outright loss of access to habitats and therefore prey resources
with the invasion of coyotes on the Olympic Peninsula, but they must now share access to the
carrying capacity of the landscape and as a result may be at lower abundances and densities than

prior to the coyote invasion (Litvaitis and Harrison 1989).

The noxious spray of skunks has a clear defensive function, but, interestingly, some
anecdotal observations have reported skunks, including WSS, acting aggressively toward larger
carnivores to usurp food sources (Allen et al. 2013, Fisher and Stankowich 2018). Allen et al.
(2013), for example, recorded a WSS charging an adult mountain lion at a kill site to
successfully gain access to a carcass. At artificially created “feeding arenas,” WSS regularly
displaced gray foxes (Urocyon cinereoargenteus) from carrion but no encounters were recorded
with larger carnivores (Allen et al. 2016). Carrion resources represent an ecological trap for
many mesocarnivores around the world as they may be killed quite often by larger carnivores
while attempting to access the resource (Prugh and Sivy 2020). If the constitutive defense of
WSS can truly mitigate the risk of IK while accessing high value food sources such as carrion,
the species may actually benefit from sharing the landscape with an intact and healthy

community of large carnivores.
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