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CLIMATE MEDIATED SPATIAL AND TEMPORAL SEGREGATION OF SYMPATRIC
FELIDS AT A RANGE EDGE CONTACT ZONE

Abstract

by Arthur Edward Scully, M.S.
Washington State University
December 2016

Chair: Daniel H. Thornton

Biotic Interactions may influence species distribution patterns, particularly at the edge of
their range, but remain poorly studied. In particular, we lack understanding of how climate may
mediate interactions between species. I studied spatial and temporal associations of Canada lynx
(Lynx canadensis) with their primary prey species (snowshoe hare; Lepus americanus) and
potential competitors (bobcats; Lynx rufus, and cougars; Puma concolor) along their southern
range edge in northern Washington. Although anecdotal evidence of these competitive
interaction exists, rigorous research remains absent from the literature. I collected
presence/absence data on these species from 2014-2016 across a 551 km2 landscape using
camera-traps along an elevation gradient in both snow-on and snow-off seasons. Then, using
single and two-species occupancy models, I used the data to examine three predictions: 1) lynx
occupancy is related to snowshoe hare availability, 2) distribution overlap between the sympatric
felids will be greatest in snow-off time periods, and 3) there will be evidence of spatial or
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temporal avoidance of bobcats and cougars by lynx. Single-species models revealed probability
of occupancy was best modeled using abiotic and prey covariates for Canada lynx and abiotic
covariates for bobcats and cougar. The camera-trapping data revealed that spatial overlap of the
three felids species increased during snow-off time periods. Based on two-species occupancy
models Canada lynx showed a decrease in probability of occupancy when bobcats were present
at cameras, although this effect was scale dependent and did not vary between seasons. No
effect of cougar occupancy on lynx occupancy was seen during either season. All species had
high levels of overlap in activity throughout the year. Taken together, these results suggest that
biotic interactions are partly shaping large-scale lynx distribution patterns. The strong
relationship of lynx occupancy to snowshoe hare demonstrates the importance of this prey
species in shaping lynx habitat use. Observed negative interactions with bobcats at camera sites
provides empirical support for interactions between these species from modeling and anecdotal
evidence. Given these results, increasing temperatures and loss of snow may result in a
combination of habitat isolation and potential for increased competitive interactions for lynx at
their southern range edge.
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CHAPTER ONE
INTRODUCTION
Anthropogenic climate change is a critical environmental hazard that will dramatically alter
ecosystems worldwide. Species declines, local extinctions, and range shifts are already
occurring as a result of changing temperatures (Pounds et al. 1999; Thomas et al. 2004; Chen et
al. 2010; Wenger et al. 2011; Zhang et al. 2013), and these changes are expected to increase in
intensity over the coming decade. Despite climate change being one of the key conservation
challenges of the coming century, our ability to predict species’ responses to changing climates
remains inadequate (Araújo et al. 2005). To properly develop and implement effective
conservation strategies, a better understanding of the complex pressures that climate change will
impose upon each species is needed (Kissling et al. 2012).
A multitude of factors will impact species response to climate change (Martin 2001; Wenger et
al. 2011; HilleRisLambers et al. 2013); however, current climate-based niche models that have
formed the basis for distribution pattern forecasts and conservation policy guidelines (Franklin
2010; Early and Sax 2011; Schwartz 2012) mainly consider how temperature and precipitation
affect species distribution (Engler and Guisan 2009). Although these models provide a useful
starting point to understanding how climate change will influence species, they ignore a
potentially key factor influencing the nature of species response to climate change – their
interactions with other species. In fact, changing biotic interactions may be a more important
response to climate change than the effect of altered temperature and precipitation (Norberg et al.
2012; Schwartz 2012; Urban et al. 2012; Cahill et al. 2013). Accordingly, recent calls have been
made for improving our understanding of how biotic interactions change along climatic gradients
and shape range dynamics and large-scale distribution patterns (HilleRisLambers et al. 2013;
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Alexander et al. 2016). Although experimental studies may ultimately be needed to address this
objective (Alexander et al. 2016), observational field studies of species interactions along
climatic gradients at the boundary of ranges may provide insight into how interactions shape use
of habitat at range limits, and thereby provide valuable information on the importance of biotic
interactions in influencing response to climate change.
Canada lynx (Lynx canadensis), at their southern range edge, are an excellent species for
assessing response to biotic interactions. Canada lynx are a cold-dependent feline specialist
whose southern range just enters the northern regions of the United States of America. Due to
their restricted range within the US borders, Canada lynx are federally listed as threatened and
are at greater risk of extirpation than their northern counterparts (Koehler and Aubry 1994).
Climate change is expected to negatively impact lynx and simple niche models predict
substantial range contraction for lynx as the climate warms (Peers et al. 2014). However, several
biotic interactions may be important for lynx persistence along the southern edge of their range.
Lynx are heavily dependent on snowshoe hare (Lepus americanus) as prey, with morphological
adaptations for pursuit of this prey in deep snow (Murray and Boutin 1991; Squires and
Ruggiero 2007). Although other prey may be utilized along the southern edge of lynx’s range
(Roth et al. 2007), snowshoe hare remain their most important prey. Consequently, the
distribution of snowshoe hare could influence lynx range limits and response to climate change
(Peers et al. 2014). In addition, several potential competitors may influence lynx distribution in
marginal environments. Bobcats (Lynx rufus) are closely related to Canada lynx, but lack the
adaptations for movement through deep snow. Bobcats are generalist predators who do not rely
on snowshoe hare but are still adept at hunting them (Dobson and Wigginton 1996). Bobcats
appear to be expanding northward (Lavoie et al. 2009), and current niche models predict that
2

bobcats will expand deep within the core Canada lynx habitat (Thornton, unpublished data).
Moreover, past modeling work and anecdotal evidence suggests the potential for competitive
interactions between these two species (Parker et al. 1983; Peers et al. 2013). Cougars (Puma
concolor) also compete with lynx through interference competition, but such competition may be
less intense during winter when deep snow prohibits cougar movement (Ruggiero et al. 1999).
Interactions between these three species remain poorly understood, and in particular, whether
and how these interactions may be mediated by environmental and seasonal variation.
Along the US/Canada Border, Canada lynx, cougars, and bobcats are sympatric in only a few
locations. These unique areas, which are at the southern range edge for Canada lynx, provide the
opportunity to increase our understanding of the degree to which these species overlap and
interact. Utilizing camera trapping across an expansive landscape in Northern Washington, and
single and conditional two-species occupancy models, I assessed broad-scale habitat and prey
associations of these three species, seasonal differences in spatial and temporal overlap, and
evaluted evidence for negative interactions between lynx and their potential competitors.
I hypothesized that if Canada lynx are avoiding otherwise suitable habitats due to exclusion from
sympatric felid competitors then they would partition their space and/or time use to avoid these
agonistic interactions and that this partitioning would be most prevalent in snow-off time periods
where deep snow does not limit use of the landscape by bobcats and cougars. Accordingly, I
tested several predicitons related to how biotic interactions influence lynx distribution patterns:
1) Broad-scale lynx occupancy patterns will be influenced by distribution of their primary
prey species, snowshoe hare.
2) Distributional overlap between lynx and their potential competitiors (bobcats and
cougars) will be greatest in snow-off time periods.
3

3) In areas of overlap, there will be evidence of lynx spatial or temporal avoidance of
competitors (bobcats and cougars), and that avoidance will be most pronounced in snowoff time periods.
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RESEARCH DESIGN AND METHODOLOGY
Study Area
I conducted the study in the Loomis State Forest within Okanogan County in north-central
Washington State, USA (Fig 1). Loomis contains one of the last remaining lynx populations in
the state (Washington Department of Wildlife 1993 – see Fig 2), where lynx are state-listed as
threatened, and are currently being considered for uplisting to endangered (J. Lewis, personal
communication). The study area consisted of the DNR managed lands within the forest which
has an area of 551 km2. Elevation in the study area ranged from 330-2520 m (average = 1266
m). The climate region of the area (the temperate steppe ecoregion) had hot dry summers, with
less than half of the precipiation falling as rain, and cold winters, where majority of the annual
precipitation falls as snow. The average annual precipitation accumulation was less than 50 cm
and the average temperature ranged from -9° to 30°C. As managed forests, the study area is
impacted by extractive forestry, cattle grazing (in summer and fall), and recreational activities.
The Loomis State Forest’s extensive topography and forestry practices created a diverse array of
overstory associations throughout the study area. The higher elevation areas were dominated by
lodgepole pine (Pinus contorta) in association with subalpine fir (Abies lasiocarpa) or
Englemann’s spruce (Picea englemannii) in areas of minimal disturbance. Ponserosa pine
(Pinus ponderosa) and Douglas fir (Pseudotsuga menziesii) dominated the mid to lower
elevations within the forest. The intermediate elevations consisted of a variety of associations of
the conifer species determined by a combination of elevation, slope, and aspect. Areas near
perennial streams often had quaking aspen (Populus tremuloides) as a dominant overstory
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species; conversely, areas with low water retention and increased solar insolation (such as south
facing slopes) were dominated by grasses and sagebrush (Artemesia spp.).
Occupancy Data Collection
I collected data using remote infrared sensing cameras in the Loomis State Forest between July
2014 and August 2016. I divided the study area into 4 km2 grid cells (2 km by 2 km square cells)
over the study site. Within each grid cell, I randomly placed two cameras along roads and trails
with the restriction that cameras could be placed no closer than 500 m to each other. Cameras
were placed on the landscape in both snow-off (May-October) and snow-on (December-April)
time periods. I checked the cameras around 30 days after initial deployment to ensure there was
suffiecient battery and no malfunctions. Due to malfunction and theft, several grid cells did not
have two functional cameras during sampling. Cameras were left active for an average of 60
days at each site; however, there was some variability in how long cameras were left active at a
given site due to camera malfunction and accessibility, particularly in winter.
Data were downloaded from cameras and species (lynx, bobcat, cougar, and snowshoe hare)
identified by myself or trained volunteers. I automatically extracted the date/time of each photo
using ExifTool (Harvey 2015), and created spreadsheets containing this data for each photo for
each camera. From the spreadsheets of collected data, I created detection matrices for use in
occupancy modeling, and spreadsheets of the date and time of each detection of each species for
use in activity analysis. I created detection matrices of 0s (for not detected) and 1s (for detected)
for each species, for each camera, per 5-day sampling intervals within a deployment. Because
cameras were 500 m apart and often located on distinct trail system, and because I combined
detections into 5-day intervals, I considered detections at neighboring cameras to be independent
events. At the grid cell level, detection matrices were developed by denoting a 0 if none of the
6

cameras within a grid detected the focal species within the 5-day sampling interval and a 1 if at
least one detection occurred on any of the cameras in the grid during the 5-day sampling interval.
For the activity analysis each independent image of lynx, bobcat, and cougar was coded
according to 24 hour time of capture at each camera. I defined an independent image as captures
of a species on a camera greater than 60 minutes apart from a previous capture of that species on
the same camera.
Occupancy and Detection Covariates
Analysis of occupancy patterns occurred at two-scales: 1) the scale of the individual camera
location and 2) the scale of the 4km2 grid cell. I calculated several covariates that I hypothesized
would influence occupancy or detection in the immediate vicinity of each camera site (50m) and
at the grid cell level. Covariates for detection included trail type (primary roads that were
heavily used by vehicles vs. secondary roads and hiking trails), season (snow-off vs. snow-on),
and the number of cameras within a grid cell (grid-level analysis only). For occupancy
covariates, I selected a small number of variables that were known or suspected to influence lynx
distribution based on previous studies, and that also likely related strongly to occupancy of
bobcats and cougars. I purposely selected a small number of variables to reduce correlations
between predictors and decrease the number of parameters to be estimated in the single and twospecies occupancy models. At each camera site and grid cell I calculated several variables
related to the abiotic environment (‘abiotic’ model). These included elevation, slope, and aspect
(camera level only). Elevation and aspect relate strongly to temperature and snow
accumulation/retention as well as over story association on the landscape (Romano and Palladino
2002). Increasing elevation as well as north facing slopes (particularly in snow-off time periods)
has been found to correlate with increasing lynx habitat use (Koehler 1990; Ruggiero et al.
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1999). Slope (the ratio of elevation change to horizontal distance) relates to ease of mobility
across a landscape, moisture retention, and over story association; lower levels of steepness in
slope has been found to be an important covariate to Canada lynx use (Koehler et al.2007).
Snow, temperature, and topographic conditions reflected in these abiotic variables also likely
exert strong effects on bobcat and cougar occupancy (Koehler and Hornocker 1991; Ruggiero et
al. 1999; Dickinson and Beier 2007; Peers et al. 2014). I used a digital elevation model from the
National Map Viewer (National Map 2015) to estimate average elevation within 50m of a
camera and within each grid cell. I used the Slope and Aspect tools in ArcMAP 10.4.1 (ESRI
2016) to create rasters of slope and aspect values for the study area. I calculated average slope
values within 50m of a camera and within each grid cell, and average values of aspect within
50m of the camera (aspect was ignored at the grid cell level because the variability within a grid
cell would not explain detection or use at the detectors).
I also calculated two variables related to the vegetative characteristics of the environment
(‘vegetation’ model). These included canopy cover and normalized difference vegetation index
(NDVI). Increasing canopy cover gives Canada lynx, their prey, and their competitors safety
while moving, resting, and hunting/foraging and lynx have been found to select for habitats with
increasing canopy cover (Squires et al. 2012). Normalized difference vegetation index gives a
measure of live green vegetation and its condition; NDVI is a ratio calculated by the near
infrared subtracted from the visible red sensed in a pixel divided by the near infrared added to
the visible red sensed in that pixel. Live green plants absorb the red wavelengths and reflect the
near infrared wavelengths. The greater the amount of healthy productive vegetation (high NDVI
values) the more browse and cover available, even in areas of low canopy cover. NDVI has been
found to be a positive indicator of lynx use (Carroll et al. 2001). Bobcats and cougars have also
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been associated with heavier cover (Koehler and Hornocker 1991; Holmes and Laudré 2006;
Tucker et al. 2008; Thornton and Pekins 2015). I used the LANDFIRE (LANDFIRE 2012)
forest canopy cover layer to estimate the average percent tree canopy cover within 50m of a
camera and within each grid cell. I used multiband imagery from the National Agriculture
Imagery Program (NAIP 2014) and the Image Analysis Tools in ArcMAP 10.4.1 (ESRI 2016) to
create an NDVI raster for the study area and estimate the average NDVI within 50m of a camera
and within each grid cell. Finally, I calculated the ratio of snowshoe hare detections (no more
than one per hour per camera) to days the camera was working to get a variable reflecting the
availability of Canada lynx’s preferred prey at each camera station (‘prey’ model). For the grid
cell level, the coefficient of hare for each station with in the grid cell was averaged. Lynx are
heavily dependent on snowshoe hare across their range and therefore I expected this variable to
influence space use. Bobcats also predate on snowshoe hare (Knick et al. 1984), but I expected
this variable to be less influential because bobcats are not specialist predators on snowshoe hare.
All continuous covariates were standardized prior to analysis. I found no evidence of correlation
among the predictors used in the analysis (all correlation coefficients were < |0.45|; Table 1).
Analyzing Data
Single-species occupancy models
Occupancy models are the preferred approach for dealing with large-scale data on species
presence and absence, because they can account for the fact that species will not be detected
100% of the time in sites where they are present (MacKenzie et al. 2002). Through repeated
surveys of a site (or subsampling the data to generate repeat measures, as I did), a detection
history for each site can be generated. These detection histories can then be used to estimate
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probability of occupancy (ψ) and detection (p). For example, a detection history of 101 at site k
would be modeled as ψ*p*(1-p)*p, where ψ is the probability of occupancy and p is the
probability of detection, given occupancy. A detection history of 000 could be the result of true
absence or failure to detect the species, and would be expressed as (1- ψ)+ ψ*(1-p)*(1-p)*(1-p).
Because lynx in my study may have had more than one camera-trap or grid cell in their home
range, and thus moved between those sites during sampling, the occupancy estimator is best
interpreted as “probability of use of a camera location” rather than probability of occupancy
(MacKenzie 2006). For simplicity, I continue to use the term occupancy throughout the rest of
the thesis. Detection histories for lynx, bobcat, and cougar were the detection matrices derived
previously.
I combined data from snow-off and snow-on time periods into one dataset, and created a final
covariate indicating the status of the season (snow-off vs. snow-on) prior to analysis. Although
camera stations changed locations between seasons, many of the same grid cells were sampled in
both seasons. However, open models of explicit dynamics (extinction/colonization) would be
fairly uninformative given the short time interval between seasons and the wide-ranging nature
of nature of Canada lynx (Squires and Oakleaf 2005; Burdett et al. 2007), and thus my approach
of combining the two time periods can be considered as modeling implicit dynamics where
changes between time periods occur more or less at random (MacKenzie 2006). Because I
expect that relationships between occupancy and habitat covariates will change between time
periods, I include interaction between season and habitat covariates in all models (see below).
I built occupancy models in a sequential manner. I first determined the best-fitting detection
parameters in single species models. I fit detection models using none of the occupancy
covariates (null models). For each null model, I tested several different detection models, where
10

I included neither, one, or both detection covariates (season and trail at the camera scale or
season and number of cameras at the grid scale; see Appendix A for list of models). I used the
model that had the best AICc (Burnham and Anderson 2002) of these models to determine
whether season, trail type or number of cameras, both, or neither would be used as detection
covariates (Appendix A). Using the best-fitting detection parameters, I then fit a series of single
species occupancy models for each species to determine the most important covariates
influencing occupancy. I tested abiotic, vegetative, and prey models singly and in combination
(Table 2). I compared models using AICc and selected the lowest AICc model as the best-fitting
model. Model goodness-of-fit was calculated on global models using the MacKenzie-Bailey
goodness of fit test (Mackenzie and Bailey 2004) implemented in program PRESENCE 10.1
(Hines 2006). This test compares the observed number of sites with a particular detection history
to the expected number based on the fitted model, and calculates a chi-square statistic.
Parametric bootstrapping is used to determine if the observed chi-square statistic is unusually
large compared to the bootstrapped samples; p-values <0.05 indicate a potentially poorly fitting
model. If prediction 1 was correct, I expected to see a strong positive relationship between prey
and Canada lynx occupancy in the single species models.
Two-species occupancy models
As a last step in the model-building process, I fit conditional two-species occupancy models
(Richmond et al. 2010) for pairs of potential competitors with lynx: lynx-bobcat and lynxcougar. Conditional two species occupancy models are a recently developed extension of
occupancy models that allow for the assessment of positive or negative interactions between
species (Richmond et al. 2010; Robinson et al. 2014). This is accomplished by allowing the
probability of occupancy or detection of a subordinate competitor to be dependent on occupancy
11

or detection of a dominant competitor at that site. Importantly these models also allow for the
inclusion of habitat covariates of importance to each species for occupancy and detection, to
decrease the likelihood that avoidance of the dominant species is confused with differential
habitat selection. I included the habitat covariates that appeared in best single-species models for
each species in the two-species models. I used a model selection approach to determine if lynx
occupancy and/or detection were influenced by the dominant species. I ran six different models:
1) “Occupancy-Detection” where both occupancy and detection of Canada lynx are affected by
the occupancy and detection of the dominant species, 2) “Occupancy-Constant” where
occupancy is held constant (occupancy of Canada lynx is not affected by the presence of the
dominant species, but detection is allowed to vary), 3) “Detection-Constant” where detection is
held constant (detection of Canada lynx is not affected by presence of the dominant species but
occupancy is allowed to vary), 4) “Detection-In-Interval-Constant” where detection within a
sampling interval is held constant (occupancy and detection of Canada lynx is affected by
occupancy and detection of the dominant species, but not by recent detection), 5) “OccupancyDetection-In-Interval-Constant”, where occupancy and detection within a sampling interval is
held constant (occupancy and detection within a sampling interval of Canada lynx is not affected
by the dominant species but overall detection is allowed to vary), and 6) “OccupancyDetection-Constant”, where detection and occupancy are held constant (occupancy and
detection of Canada lynx are not affected by occupancy or detection of the dominant
competitor). All models were initially fit by allowing the effect of the competitor to vary
between seasons, and holding that effect constant. However, these models were not competitive
and are thus not considered further. These models were then compared using AIC to see which
model best predicted occupancy and detection of Canada lynx. Finally, conditional two species
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occupancy models enable the calculation of a species interaction factor (SIF): (ψA ψBA)/( ψA(ψA
ψBA+(1- ψA) ψBa), where ψA is the probability of occupancy for the dominant species (bobcat or
cougar), ψBA is the probability of occupancy for the subordinate species (lynx) when species A is
present, and ψBa is the probability of occupancy of species B when species A is absent. An SIF
of 1 indicates that the two species occur independently, where as an SIF less than one indicates
spatial avoidance – i.e., that the subordinate species is less likely to co-occur with the dominant
species. I expected that if prediction 3 is correct I would see evidence of avoidance of bobcat or
cougar by lynx (i.e., negative effect of the competitor on lynx occupancy in a best-fitting model
and/or SIF less than 1), and that this would be most pronounced in snow-off time periods. All
two-species occupancy models were fit in program PRESENCE 10.1 (HINES 2006).
Spatial Overlap
I calculated the amount of seasonal spatial overlap between Canada lynx, bobcat, and cougar in
several ways. I determined the number of cameras and grid cells that were jointly occupied by
each species in each season, derived a minimum convex polygon around occupied camera
stations and overlapped those polygons for lynx bobcat and lynx cougar in each season. I
calculated the summed occupancy probabilities between species pairs by projecting the final
single season occupancy models across the landscape. If prediction 2 was correct, I expected to
see greater distributional overlap between lynx and competitors in snow-off time periods.
Daily Activity Patterns
I used the package “overlap” (Meredith and Ridout 2014) to estimate the activity patterns of
Canada lynx, bobcats, and cougars during snow-on and snow-off time periods. I converted the
time data into radians and created density plots of each species activity patterns in both snow-on
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and snow-off seasons that show frequency of activity during different times of the day. I
estimated the degree of temporal overlap of each species during each season, graphed that
overlap, and estimated confidence intervals of overlap using 10,000 bootstrap samples (Meredith
and Ridout 2016). Due to the length of my study, and thus the change in sunrise, solar-noon, and
sunset in respect to the time of day, detections were also quantified in their relation to these
biologically important temporal markers. I did this to avoid misinterpretation of activity overlap
if, in actuality, activity was partitioned around sunrise or sunset, but had overlapping time of day
as the sun’s position changed throughout the year (Nouvellet et al. 2011). I used the package
“maptools” (Bivand and Lewin-Koh 2015) to calculate sunrise and sunset for each camera
location for each detection and created boxplots of the distribution of overlap to compare among
species pairs. If prediction 3 was correct, I expected to see evidence of temporal segregation of
activity periods, and that segregation would be greater in snow-on time periods.
To confirm that I had enough detections to sufficiently represent the activity patterns of the
species of interest (Tambling et al. 2015), I used hourly accumulation curves from the package
“vegan” (Oksanen et al. 2012) . Briefly, these hourly accumulation curves are similar to species
accumulation curves, but instead of modeling how the number of species increases as more sites
are sampled, hourly accumulation curves show how new hourly time periods of activity are
added as more pictures are analyzed. Based on the hourly accumulation curves, all three species
reached approximate asymptotes with activity data in all 24-hour time periods (Appendix B),
indicating that I had sufficient data for the analysis.
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ANALYSIS AND DISCUSSION
I surveyed 107 grid cells with 205 camera stations during the snow-on time period (16,259
camera trapping days) and 95 grid cells with 192 camera stations during the snow-off time
period (10,940 camera trapping days). Obvious patterns of spatial segregation of the three
species in both seasons are apparent from the detection data (Fig 3-5). In accordance with my
second prediction, the number of cameras with dual occupancy of lynx-bobcat and lynx-cougar
increased from snow-on to snow-on time periods from 8 to 10 and 9 to 14 respectively, as did the
number of dual occupied grid cells for lynx-cougar from 10 to 17. Lynx-bobcat dual occupied
grid cells stayed the same at 13 for snow-on and snow-off time periods. Area of overlap of
minimum convex polygons around grid cells also increased in snow-off time periods for lynxbobcat and lynx-cougar comparisons (increase in overlap of 91 km2 and 56 km2 respectively).
Single-species occupancy models
At the camera-level, best detection covariates were season for Canada lynx and trail and season
for bobcat and cougar (Appendix A). All three species had lower probabilities of detection in
snow-on time periods, where the odds of detection in snow-on time periods decreased by a factor
of 0.70, 0.49, and 0.35 at the grid cell level and 0.65, 0.39, and 0.37 at the camera station level
for lynx, bobcat, and cougar respectively. Bobcat and cougars were less likely to be detected at
cameras located on secondary vs. primary trails (odds of detection on secondary trails decreased
by a factor of 0.51 and 0.50 compared to primary trails for bobcat and cougars, respectively). At
the grid level, best detection covariates were season for Canada lynx, and number of cameras and
season for bobcats and cougars. Direction of the influence season was similar to the camera
level (i.e., greater detection probabilities in snow-off time periods), and grid cells with a single
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camera decreased odds of detection by a factor of 0.35 and 0.90 compared to grid cells with
multiple cameras for bobcats and cougars, respectively
Best occupancy models for Canada lynx included the full model (abiotic + prey) at the grid cell
and camera station level (Table 2). Best occupancy models for bobcat included a model which
only included abiotic covariates at the grid cell and camera station level. Best occupancy models
for cougar only included a model with a season covariate at the grid cell level and only abiotic
covariates at the camera station level (Table 2).
Based on large parameter estimates relative to standard errors, prey was a highly influential
covariate of Canada lynx occupancy at the grid cell and camera level (Table 3; Figs 6 & 7). Odd
of occupancy increased by a factor of 1.93 for a standard deviation increase in hare detection
ratio. At the camera level elevation was highly influential (Table 3; Fig 8). Odds of occupancy
increased by 2.44 for a one standard deviation increase in elevation. There was also a significant
interaction between prey and season, and south facing slopes and season, with hare detection
ratio exerting a more positive effect on occupancy in snow-on time periods (Table 3; Fig 6 & 7).
In comparison to lynx, bobcats were responding less strongly to most covariates, and in
particular less strongly to both elevation and prey, with direction of influence opposite to lynx
(Figs 7 & 8). Seasonal interaction with slope was a highly influential predictor of bobcat
occupancy with a directional influence opposite to lynx at the grid cell level (Table 3; Fig 9).
For cougars, only season was influential at the grid cell level, with odds of occupancy in snowon time periods decreasing by a factor of 0.20 compared to snow-off time periods (Table 3). At
the camera level, elevation interacted strongly with season, exerting a positive influence on
occupancy in snow-off, and a slight negative effect in snow-on time periods (Table 3; Fig 8).
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Two-species occupancy models
The best-fitting two species model for lynx-bobcat at the camera station level was a model in
which occupancy of Canada lynx depended on occupancy of bobcat, but detection of lynx is
unaffected by occupancy or detection of bobcats (Table 4). In accordance with my third
prediction, parameter estimates of this model indicated that lynx were negatively affected by the
presence of bobcats at a camera station. Parameter estimate of the effect (1.02) indicates that
odds of occupancy increased by a factor of 2.71 when bobcat were not present, though there was
substantial variability in this effect (95% CI of this effect just overlapped zero; -0.01 – 2.01).
However, contrary to expectations, avoidance wasn’t any more pronounced in snow-off vs.
snow-on, as models that allowed the effect of bobcat to vary per season were not competitive.
Moreover, SIF values calculated based on mean values of habitat covariates were both less than
1, indicating avoidance, but were similar between the two seasons (0.76, and 0.65 for snow-on
and snow-off, respectively). Although camera-level data indicated an effect of bobcats on lynx
occupancy, at the grid level, occupancy and detection of lynx was independent of occupancy and
detection of bobcats. A grid-level model with a slightly higher AIC than the best model which
allowed occupancy of lynx to vary according to bobcat presence (Detection-In-IntervalConstant) did indicate a negative influence of bobcat on lynx as I found for the camera-level
models, but the effect (parameter estimate = 0.69) was smaller than the camera-level models and
more highly variable (95% CI on the effect; -0.49 – 1.88). Similar to the grid-level bobcat
analysis, best models for lynx-cougar indicated that occupancy and detection of lynx was
independent of occupancy and detection of cougar at both camera and grid levels (Table 4).
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Daily activity patterns
Canada lynx had a mainly nocturnal activity pattern during the snow-off time periods and a
constant activity throughout the day and night in the snow-on time periods (Fig 10). Bobcat and
cougar had very similar nocturnal activity patterns to lynx during the snow-off time periods and
both displayed more activity throughout the day in snow-on time periods with had less mid-day
activity then Canada lynx (Fig 10). Estimates of activity overlap between lynx and bobcats
change from 81% during snow-on time periods to 86% during snow-off time periods, and
remained constant at 78% between lynx and cougar during both seasons (Table 5). Although the
estimate of activity overlap of bobcat and lynx during snow-off time periods does not fall within
the confidence interval for activity overlap during snow-on time periods, the reverse is not true.
This indicates that there may be a slight increase in temporal niche portioning between bobcats
and Canada lynx during snow-on time periods (Table 5), in accordance with my third prediction.
However, I found no significant partitioning of activity around sunrise, sunset, or solar noon
between Canada lynx and bobcats or cougars in snow-on or snow-off time periods (Appendix C).

Discussion
My analysis is one of the first to examine how biotic interactions influence large-scale
distribution patterns of a large vertebrate at their range limit. The results of my analysis show
that occupancy patterns of Canada lynx at the southern edge of their range are driven in part by
biotic interactions. Canada lynx responded strongly to prey availability even after accounting for
other potential habitat and topographic covariates. Moreover, the negative influence of bobcats
on use of camera sites by lynx also suggests that competitive interactions may play a role in
shaping lynx distribution on this landscape. While this influence appeared to be variable, having
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a relatively high standard error, there was a marked decrease in probability of use of camera sites
by Canada lynx when bobcats were present. My results add to a growing literature regarding the
importance of biotic interaction in shaping distribution patterns and potentially range limits
(Urban et al. 2012; Wisz et al. 2013), which may be especially prevalent at the southern edge of
a species’ range where my study took place (MacArthur 1972; Normand et al. 2009). Of
particular note, in the context of climate change, is the fact that spatial overlap of lynx and
potential competitors was more pronounced in snow-off time periods. Although interaction
strength did not seem to vary greatly according to season, greater distributional overlap of the
three felids in snow-off time periods suggests the potential that interactions between these
species will become more common and perhaps heightened as the climate warms (Milazzo et al.
2013).
At both the grid cell and camera scale, the availability of snowshoe hare was positively
associated with Canada lynx occupancy, and that association was stronger in snow-on time
periods. Canada lynx’s dependence on snowshoe hare as well as their responses to declines in
hare is well documented (Brand et al. 1976; Ward and Krebs 1985; Koehler 1990; O’Donoghue
et al. 1997), and it appears, even at the southern edge of their range, where snowshoe hare
densities are comparatively low (Wirsing et al. 2002) and lynx diet is more diverse (Roth et al.
2007), hare can exert a strong influence on large-scale distribution patterns. The increased
influence of hare on lynx in the winter may be a function of lesser availability of alternative prey
or fewer intraguild competitors. Given that Canada lynx have a predation advantage in deep
snow (Murray and Boutin 1991), if snow-on seasons are reduced due to increasing temperatures
and decreasing precipitation, lynx’s ability to specialize on snowshoe hare may be jeopardized,
or exploitative competition with other carnivores may be more likely. Because bobcats/cougars
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were not strongly associated with snowshoe hare on this landscape, the potential for food
competition between felids may be diminished. However, the degree to which exploitative
competition influence lynx remains a knowledge gap along their southern range edge (Murray et
al. 2008).
Evidence of negative interaction of lynx with bobcat supports research showing that bobcat may
be displacing lynx, or altering their niche, in areas of overlap (Parker et al. 1983; Peers et al.
2013). Lynx and bobcat are virtually the same size on this landscape, and bobcat densities
appear to be quite high in my study area (Scully, unpublished data), which could be a factor in
lynx avoidance of bobcats. However, avoidance on this landscape appears to be only manifest at
the smaller scale of the camera site, and does not scale up to the grid cell level, suggesting that
displacement may alter travel paths and fine scale use of the landscape but not necessarily
overall distribution patterns. Others have noted the potential scale dependent nature of biotic
interactions (Byers and Noonburg 2003; Sandel and Smith 2009), but I caution against
overinterpretation of these results given the smaller sample size of sites at the grid cell level
which reduced my power to detect interaction. In addition to spatial avoidance, lynx-bobcat
hybrids have been found along the southern range edge in Minnesota (Schwartz et al. 2004),
although this type of hybridization does not appear to be wide spread (Koen et al. 2014). The
marked topographic relief in my study area combined with the increased topographic separation
of bobcat and lynx during the breeding season (February-April), may reduce hybridization
potential on this landscape. This segregation could also be jeopardized by shorter and less
intense winter seasons. A failure to find any negative effect of cougar on lynx occupancy was
surprising; previous research has found that cougars will kill smaller felids when they are
sympatric (Koehler and Hornocker 1991), could easily scare a lynx off a recent kill (Ruggiero et
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al. 1999), and have been found to be a significant source of lynx mortality (Squires and Laurion
2000). The experimental design of this research’s was meant to encompass multiple Canada
lynx home ranges, which has been found to be less than 50 km2 in north central Washington
(Aubry et al. 2000), not cougars, which can have home ranges over ten times that size in the
Pacific Northwest (Lambert et al. 2006). Given cougar’s large home ranges, it is possible that
the scale of this research was not broad enough to pick up on interference competition between
the two species. Finally, I acknowledge that camera-trapping, combined with two-species
occupancy modeling, allows some inference regarding association and avoidance of species
while controlling for habitat use, but my work could be strengthened by examining interactions
in more detail through telemetry or taking advantage of natural experiments like reintroductions
or novel range expansions (Alexander et al. 2016). At the landscape-scale over which I am
working, however, my approach provides an excellent starting point for exploring how
distribution patterns may be influenced by competitors in range-edge environments.
Single-species models supported many of my initial assumptions about the environmental
variables driving lynx occupancy. The topographic variables of slope, aspect and elevation have
all been found to be important factors in Canada lynx habitat selection (Koehler 1990; Ruggiero
et al. 1999; Koehler et al. 2007). High elevations, northern aspects, and gentle slopes are abiotic
factors tied to moisture retention (Romano and Palladino 2002) and were important positive
influences on Canada lynx occupancy during the snow off time periods. These same covariates,
though in the opposite direction of influence, were important to bobcat occupancy (Table 3).
Interestingly, the vegetative model did not come out as important in my analysis; this initially
appears to be at odds with Squires et al. (2010) who found that horizontal cover within agediverse stands of Engelmann spruce (Picea engelmannii) and subalpine fir (Abies lasiocarpa)
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were important in lynx habitat selection. The covariates of canopy cover and NDVI I used to
assess vegetation’s influence on Canada lynx’s occupancy was likely too broad to pick up this
selection by Canada lynx. While both metrics are directly correlated with vegetative growth,
health and available cover, they would also include the dry forest types which Koehler (1990)
found that lynx selected against. Additionally, Stage and Salas (2007) found that the metrics of
aspect, slope, and elevation (the abiotic model) are predictors of forest associations. Therefore,
it is possible that the vegetative model was not included in the best occupancy models because
the abiotic model was better at predicting the overstory associations that lynx selected for and
against while the vegetative model included both without differentiating. The single species
models and topographic patterns of use in snow-on and snow-off seasons for all three species do
suggest that as climate change progresses and increasing temperatures and decreasing
precipitation (especially snow) intensifies Canada lynx’s available habitat will be reduced to high
elevation enclaves with increasing encroachment from their congeneric competitors.
My study also has important implications for large-scale monitoring and research on felids in the
Pacific Northwest. Although bobcats and pumas have been the subject of camera-based work
(Negrões et al. 2010; Clare et al. 2015; Thornton and Pekins 2015), lynx have been relatively
unstudied in this regard. Large scale surveys such as the one I conducted can be used to study
key environmental drivers of species distribution, inform the development of better predictive
models of response to anthropogenic threats, and aid in adaptive management decisions.
Camera-trapping has emerged as a powerful non-invasive method for the generation of largescale and long-term datasets of carnivore distribution (e.g., Ahumada et al. 2013; Steenweg et al.
2015). My results show that camera trapping was effective at detecting these three species in
boreal forest environments. Detection probabilities were fairly high per 5-day trapping session
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in both snow-off and snow-on time periods for all three species at the grid cell level for Canada
lynx (0.21 and 0.08, respectively) as well as bobcats and cougars in cells with more than one
camera (0.17 and 0,09 for bobcats and 0.13 and 0.09 for cougars). Detection probabilities at the
camera level per 5-day trapping session in both time periods were also fairly high for Canada
lynx (0.063 and 0.161) as well as bobcats, and cougars on primary trails (0.079 and 0.124 for
bobcats and 0.064 and 0.099 for cougars, respectively). This suggests that 60-90 day periods
were sufficient for the survey. The drop in probability of detection for all three species during
snow on time periods was likely due to the fact that the roads and trails where I placed cameras
became less of a draw as movement off road was no longer contrastingly more difficult.
Regardless, my methodology generated ample data on all three species across a large landscape
which suggests this methodology could be applied more widely in this region.
Compelling evidence for temporal niche partitioning was not suggested during any
season. All three species exhibited high amounts of activity overlap throughout the year
(ranging from 78-86%), with all species switching from nocturnal activity patterns during the
snow-off time period to activity throughout the day and night during the snow-on time periods.
Similarly, no species partitioned their activity around important sun zeniths (sunrise or sunset).
While temporal niche partitioning does not appear to be a method lynx are using to avoid conflict
with sympatric felids, my methodology generated enough data to explore temporal overlap with
the confidence that activity patterns of each species in each hour were adequately represented.
Thus, this methodology could be applied to a wide range of species to explore activity overlap or
segregation.
My results also have management implications for lynx, which are threatened in the US. Canada
lynx, at their southern range, are at increased vulnerability to the predicted effects of climate
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change. Canada lynx, in this area, occupy environments with abiotic factors that lead to
increased moisture retention, decreased temperatures (Romano and Palladino 2002; Pohl et al.
2014), and specific over story associations (Koehler 1990; Stage and Salas 2007; Squires et al.
2010). These habitats are at risk of becoming increasingly isolated as climate change progresses,
like the sky island populations of American pika (Ochotona princeps) (Galbreath et al. 2009)
which has led to extinctions of isolated populations since 1999 (Beever et al. 2011). Protecting
habitat in high elevation environments that will be the most resistant to climate change, as well
as paths of connectivity, between high elevation environments, is imperative to Canada lynx’s
persistence at their range edge. Encouraging robust snowshoe hare populations will also be
highly beneficial, as found elsewhere (Stenseth et al. 1997). Congeneric competition appears
potentially important biotic factor in lynx habitat use, as I have found avoidance of sympatric
bobcats by lynx (Table 4), which could increase as climate change progresses and Canada lynx’s
morphological advantages are no longer superior to their competitors. Further monitoring of
lynx and their interactions with bobcats at their southern range should be considered; it is likely
that the areas which are both optimal lynx habitat and poor bobcat habitat will be reduced
leading to increased spatial overlap and competition. If further work supports the supposition of
negative interactions with bobcats and increased contact due to climate change, increased take of
bobcat, where sympatric with lynx, may reduce pressures on lynx populations and improve
survival of this federally threatened species.
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TABLE 1

Grid Cell Scale
NDVI

CAN

ELE

SLO

PREY

NDVI

-

0.175867

-0.44841

0.174882

0.060159

CAN

0.175867

-

-0.1225

0.131573

0.101305

ELE

-0.44841

-0.1225

-

-0.20303

0.262409

SLO

0.174882

0.131573

-0.20303

-

-0.18229

PREY

0.060159

0.101305

0.262409

-0.18229

-

Camera Station Scale
NDVI

CAN

ELE

SLO

PREY

NDVI

-

-0.00434

-0.34464

0.113153

0.078806

CAN

-0.00434

-

-0.09967

0.115497

0.021217

ELE

-0.34464

-0.09967

-

-0.17042

0.223065

SLO

0.113153

0.115497

-0.17042

-

-0.13419

PREY

0.078806

0.021217

0.223065

-0.13419

-

Correlation matrix of occupancy covariates at the grid and camera station level
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TABLE 2
Canada Lynx Grid Level

Bobcat Grid Level

Model

AICc

AICc Weight

Cougar Grid Level

Model

AICc

AICc
Weight

Model

AICc

AICc Weight

abiotic + prey

872.0996

0.8886

abiotic

1470.968

0.4746

season

942.7284

0.7369

Abiotic + vegetative + prey

876.7986

0.0848

abiotic + prey

1471.008

0.4652

prey

946.5063

0.1114

prey

880.6757

0.0122

vegetative + prey

1477.114

0.0220

abiotic

946.6288

0.1048

abiotic

881.3909

0.0085

null

1478.334

0.0119

abiotic + prey

949.747

0.0220

vegetative + prey

882.3011

0.0054

abiotic + vegetative

1479.192

0.0078

vegetation

950.5334

0.0149

abiotic + vegetative

887.2789

0.0004

abiotic + vegetative + prey

1479.356

0.0072

abiotic + vegetative

954.5358

0.0060

null

900.1059

0.0000

season

1480.244

0.0046

vegetative + prey

954.6263

0.0020

season

900.5034

0.0000

prey

1480.512

0.0040

abiotic + vegetative + prey

956.9486

0.0019

vegetative

906.2989

0.0000

vegetative

1481.253

0.0028

null

965.158

0.0000

Canada Lynx Camera Station Level

Bobcat Camera Station Level

Cougar Camera Station Level
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Model

AICc

AICc Weight

Model

AICc

AICc
Weight

Model

AICc

AICc Weight

abiotic + prey

1138.577

0.9100

abiotic

1894.266

0.4352

abiotic

1288.79

0.4796

abiotic + vegetative + prey

1143.215

0.0895

abiotic + prey

1895.375

0.2500

abiotic + prey

1289.827

0.2855

abiotic

1155.249

0.0002

abiotic + vegetative

1895.708

0.2116

season

1291.272

0.1386

abiotic + vegetative

1155.416

0.0002

abiotic + vegetative + prey

1897.836

0.0730

prey

1294.333

0.0300

vegetative + prey

1162.836

0.0000

vegetative

1901.157

0.0139

abiotic + vegetative

1294.462

0.0281

prey

1163.9

0.0000

null

1902.699

0.0064

abiotic + vegetative + prey

1294.521

0.0273

null

1190.917

0.0000

season

1903.188

0.0050

vegetative

1297.828

0.0052

season

1192.201

0.0000

vegetative + prey

1904.048

0.0033

null

1298.218

0.0043

vegetative

1195.506

0.0000

prey

1905.436

0.0016

vegetative + prey

1300.649

0.0013

AICc values of single species occupancy models for Canada lynx, bobcat, and cougar at the grid cell and camera station level

TABLE 3
Estimates
SnowOn
1.071
(0.595)

Asp (S)
-

Elevation
0.523
(0.414)

Slope
-0.276
(0.362)

NDVI
-

Canopy
-

Prey
0.662
(0.231)

Snow:Elevation
0.629
(0.617)

S:Slope
-0.251
(0.493)

S:Asp(S)
-

S:NDVI
-

S:Canopy
-

S:Prey
0.740
(1.098)

S(Det)
-1.20
(0.245)

Camera #
-

Trail
(2nd)
-

CL.50

-0.705
(0.650)

-0.504
(0.432)

0.891
(0.348)

-0.233
(0.239)

-

-

0.457*
(0.186)

0.106
(0.519)

-0.33
(0.408)

2.426*
(0.882)

-

-

2.06
(0.902)

-1.04
(0.236)

-

-

B.G

-0.211
(0.551)

-

0.1498
(0.301)

0.0773
(0.274)

-

-

-

-0.2425
(0.466)

1.5168*
(0.666)

-

-

-

-

-0.671
(0.179)

-0.432
(0.270)

-

B.50

-0.875
(0.651)

-0.616
(0.4523)

-0.413
(0.406)

0.152
(0.241

-

-

-

0.121
(0.492)

0.875
(0.539)

0.724
(0.665)

-

-

-

-0.491
(0.194)

-

-0.681
(0.196)

C.G

-1.619
(0.472)

-

-

-

-

-

-

-

-

-

-

-

-

-0.436
(0.273)

-2.312
(0.614)

-

C.50

-1.9713*
(0.616)

0.354
(0.487)

0.7163
(0.385)

0.3911
(0.294)

-

-

-

-1.0344*
(0.470)

-0.3531
(0.379)

1.0847
(0.729)

-

-

-

-0.468
(0.288)

-

-0.702
(0.241)

Species
CL.g
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Occupancy and Detection Estimates from the best models for Canada lynx, bobcats, and cougars at the scale of the grid cell and
camera station. Standard errors for each estimate is shown below in parentheses.

TABLE 4
Bobcat-Lynx Grid Level
Model
Occupancy-Detection-Constant
Occupancy-Detection-In-Interval-Constant
Detection-In-Interval-Constant
Detection-Constant
Occupancy-Constant
Occupancy-Detection
Null

AIC
2331.35
2331.89
2332.63
2332.89
2333.79
2334.49
2364.68

deltaAIC
0.00
0.54
1.28
1.54
2.44
3.14
33.33

AIC weight
0.3070
0.2344
0.1619
0.1422
0.0906
0.0639
0.0000

Model Likelihood
1.0000
0.7634
0.5273
0.4630
0.2952
0.2080
0.0000

# of Parameters
20
21
22
21
22
23
11

-2*LogLike
2291.35
2289.89
2288.63
2290.89
2289.79
2288.49
2342.68

Model Likelihood
1.0000
0.0017

# of Parameters
16
11

-2*LogLike
1785.29
1808.02

Model Likelihood
1.0000
0.5406
0.4426
0.3447
0.2357
0.1287
0.0000

# of Parameters
25
24
26
26
27
25
11

-2*LogLike
2981.05
2984.28
2980.68
2981.18
2979.94
2985.15
3067.23

Model Likelihood
1.0000
0.5571
0.3679
0.0000

# of Parameters
24
26
25
11

-2*LogLike
2348.31
2345.48
2348.31
2434.31

Cougar-Lynx Grid Level
Model
Occupancy-Detection-Constant
Null

AIC
1817.29
1830.02

deltaAIC
0.00
12.73

AIC weight
0.9983
0.0017

36
Bobcat-Lynx Camera Station Level
Model
Detection-Constant
Occupancy-Detection-Constant
Detection-In-Interval-Constant
Occupancy-Constant
Occupancy-Detection
Occupancy-Detection-In-Interval-Constant
Null

AIC
3031.05
3032.28
3032.68
3033.18
3033.94
3035.15
3089.23

deltaAIC
0.00
1.23
1.63
2.13
2.89
4.10
58.18

AIC weight
0.3714
0.2008
0.1644
0.1280
0.0876
0.0478
0.000

Cougar-Lynx Camera Station Level
Model
Occupancy-Detection-Constant
Occupancy-Constant
Occupancy-Detection-In-Interval-Constant
Null

AIC
2396.31
2397.48
2398.31
2456.31

deltaAIC
0.00
1.17
2.00
60.00

AIC weight
0.5195
0.2894
0.1911
0.0000

Viable 2-species occupancy models for Canada lynx and bobcat/cougar at the camera station and grid cell level.

TABLE 5

Canada lynx-bobcat snow on
Canada lynx-bobcat snow off
Canada lynx-cougar snow on
Canada lynx-cougar snow off

Activity overlap
estimate
0.81
0.86
0.78
0.78

95% Confidence
interval
0.63 - 0.84
0.76 - 0.93
0.59 - 0.84
0.63 - 0.83

Estimate and confidence interval of overlap between Canada lynx and bobcats, and cougars
during snow-on and snow-off time periods.
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FIGURE 1

Inset shows location of the study area in Washington. Main Figure shows the location of 2x2 km
grid cells and cameras (blue and yellow circles, for snow-off and snow-on camera stations).
Yellow line at the top of figure shows the US-Canada border.
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FIGURE 2

Canada lynx and cougar or bobcat detections during snow-on and snow-off seasons at the camera
station level. Height of the bar represents the amount of detections of each species.
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FIGURE 3

Canada lynx and cougar or bobcat detections during snow-on and snow-off seasons at the grid
cell level. Height of the bar represents the amount of detections of each species.
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FIGURE 4

Hare detection ratio’s influence on Canada lynx probability of use in both snow-on and snow-off
time periods at the scale of the camera station.
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FIGURE 5

Elevation’s influence on Canada lynx, bobcat and cougar probability of use in both snow-off and
snow-on time periods at the scale of the camera station.
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FIGURE 6

Slope’s influence on Canada lynx and bobcat probability of use in both snow-off and snow-on
time periods at the scale of the grid cell.
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FIGURE 7

Overlap of daily activity patterns of Canada lynx with bobcat and cougar during snow-on and
snow-off time periods.
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APPENDIX A

Canada Lynx Grid Level

Bobcat Grid Level

Model

AICc

AICc
Weight

Model

AICc

AICc
Weight

Season

900.1059

0.6058

Cams+Season

1478.334

0.5040

Cams+Season

900.9656

0.3942

Season

1478.371

0.4947

null

922.6499

0.0000

null

1491.101

0.0009

Cams

924.5419

0.0000

Cams

1492.476

0.0004

Canada Lynx Camera Station Level

Bobcat Camera Station Level
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Model

AICc

AICc
Weight

Model

AICc

AICc
Weight

Season

1190.917

0.7333

Trail + Season

1902.699

0.9901

Trail + Season

1192.941

0.2666

Trail

1913.29

0.0050

null

1210.464

0.0000

Season

1913.346

0.0048

Trail

1210.328

0.0000

Null

1921.606

0.0001

AICc values of single species detectoin models for Canada lynx, bobcat, and cougar at the grid cell and camera station level

APPENDIX B

Hourly accumulation curves showing that the asymptote of number of the number of
observations needed to represent activity in all hours was reached.
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APPENDIX C
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Activity of Canada lynx in comparison to cougars and bobcats around sunrise and sunset in snow-on and snow-off time periods.
There is significant overlap in their activity and it does not appear that they are partitioning their activity around either solar zenith

