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For over 100 years, National Parks have existed to preserve America’s natural and 

cultural heritage for current and future generations.  As environmental pressures on wildlife and 

habitats have increased in recent decades, National Park lands have become important protected 

areas for many threatened and endangered species.  Conservation and management of sensitive 

species requires a thorough understanding of population demographics, including population 

vital rates and the factors that affect them.  The Northern Spotted Owl (Strix occidentalis 

caurina), a species designated as threatened under the Endangered Species Act of 1973 and Near 

Threatened by the International Union for the Conservation of Nature, occurs on public lands 

throughout the western United States including in Mount Rainier National Park. The 

demography of this population has been monitored for almost 20 years, and it represents the only 

demographic study area on federal lands on the west-side of the Washington Cascade Range.  I 

used a multi-state, multi-season occupancy model in this study to obtain estimates of occupancy 

dynamics and breeding propensity for territorial Northern Spotted Owls at Mount Rainier 

National Park (MRNP), Washington USA from 1997-2016. I investigated relationships between 

occupancy dynamics, the presence of barred owls (Strix varia), habitat characteristics, and local 



 

 

and regional weather, at 36 territories occupied by spotted owls during the 20-year study period. 

I analyzed demographic data using a multi-state occupancy model, with three conditional 

occupancy states (unoccupied, occupied with no reproduction, occupied with reproduction), 

while allowing for imperfect detection. General occupancy of spotted owl territories in MRNP 

has declined by 50% in 20 years, although the decline has slowed in recent years (a pseudo-

threshold trend). I also observed a positive relationship between occupancy dynamics and the 

mean slope of territories, with higher occupancy rates observed at territories with steeper terrain. 

Breeding propensity was negatively influenced by barred owls detected within historic 

territories, and positively influenced by early nesting temperatures across the study area. The 

probability that a site was occupied by breeding owls remained moderately high, but variable by 

year for territories previously occupied by breeding owls. However, overall occupancy of 

territories with breeding spotted owls decreased considerably over the course of the study 

reaching a low of 25% (95% CI:15-40%) in 2016. In addition, the ability to detect breeding 

spotted owls decreased when barred owls were present in the territory, which may be leading to 

underestimates of the breeding propensity of spotted owls. Habitat characteristics had no impact 

on spotted owl occupancy dynamics, which likely reflects the long history of habitat 

conservation in the park, with old forest predominating in most areas. My study illustrates the 

strong influence of barred owls on spotted owl demographics in a landscape where habitat loss 

by harvest or fire has not occurred.  These results are concerning given that conservation policies 

of the park are focused on habitat preservation. Given the continuing range expansion of barred 

owls, habitat conservation may not be enough to ensure spotted owl persistence in the MNRP.    
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For over 100 years, National Parks have existed to preserve America’s natural and 

cultural heritage for current and future generations (USDOI 1916). Considered the most 

protected lands in the United States, the National Park system includes 84 million acres of 

Federal land identified as having natural, cultural or recreational significance (USDOI 2017). As 

environmental pressures on wildlife and habitats have increased in recent decades, National Park 

lands have become important protected areas for many threatened and endangered species 

(Hoffman et al. 2010, Pimm et al. 2014, Watson et al. 2014, Barnes et al. 2017, Wu et al. 2018). 

For example, in the western United States, the Northern Spotted Owl (Strix occidentalis 

caurina), a species designated as threatened under the Endangered Species Act of 1973 and Near 

Threatened by the International Union for the Conservation of Nature (IUCN), occurs in up to 

seven National Parks throughout its range (USC 1973, US Fish and Wildlife Service 1990, 

BirdLife International 2017). The majority of Northern Spotted Owl habitat in National Parks is 

designated as “wilderness”, where activities such as logging are prohibited and are therefore not 

a major factor in population dynamics. Despite this exceptional level of habitat protection in 

some areas, Northern Spotted Owls have undergone a range-wide 3.8% annual decline in the 28 

years from 1985-2013 (Dugger et al. 2016. Mount Rainier National Park (MRNP) is included in 

one of 11 Northern Spotted Owl demographic study areas (DSA) that contribute data to the 

reoccurring meta-analyses designed to evaluate the status and trends of Northern Spotted Owls 

across its range (Anthony et al. 2006, Forsman et al. 2011, Dugger et al. 2016). The long term 

demographic monitoring of spotted owls in MRNP represents the only demographic study area 

on the west side of the Washington Cascade Range (Figure 1). The spotted owl population in the 

Rainier DSA is experiencing a 4.7% rate of annual decline (Dugger et al. 2016). However, while 

Mount Rainier National Park comprises 27% percent of the Rainier DSA, the remaining 73% is a 
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matrix of managed forest lands. This difference in land management history may influence 

spotted owl population trends across the Rainier DSA. This study seeks to investigate factors 

influencing Northern Spotted Owl population on the most protected portion of the DSA within 

MRNP, which may be serving as an important refugia for spotted owls in the western 

Washington Cascade Range.  

 The Northern Spotted Owl was federally listed as a threatened species under the 

Endangered Species Act in 1990, due to suspected population declines in portions of its range 

associated with extensive habitat loss from timber harvest (US Fish and Wildlife Service 1990). 

The Northwest Forest Plan (NWFP) was adopted in 1994 to protect old-growth forests and the 

species that rely on them, and to provide guidelines for sustainable timber harvests on federal 

lands (USDA Forest Service and USDI Bureau of Land Management 1994). Habitat loss on 

federal lands due to timber harvest has slowed dramatically since the adoption of the NWFP, but 

spotted owl populations have continued to decline, with rates of decline increasing again since 

reaching a low in 2009 (Dugger et al. 2016). The barred owl (Strix varia), a congeneric species 

that has expanded its range west from its native range in the forests of the eastern United States 

and Canada, is now considered the biggest threat to the persistence of the Northern Spotted Owl 

across its range (USFWS 2011a). Many studies suggest barred owls negatively influence spotted 

owl demographic rates due to the barred owl’s larger size, aggressive nature, and their generalist 

tendencies in habitat use and diet (Herter and Hicks 2000, Hamer et al. 2001, Gutierrez et al. 

2007, Dugger et al. 2011, Wiens et al. 2014, Yackulic et al. 2014). Currently, the Northern 

Spotted Owl is being petitioned for federal uplisting from Threatened to Endangered species 

status because of continued population declines throughout its range (USFWS 2014).  
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 It is evident from numerous long-term demographic and density studies that variation in 

climate, amount of suitable habitat, and the presence of barred owls have had an effect, to 

varying degrees, on the vital rates of Northern Spotted Owls (Dugger et al. 2016). Conserving 

late-seral coniferous forest remains an important component in the conservation and recovery of 

the Northern Spotted Owl (Forsman et al. 2011, Dugger et al. 2005, USFWS 2011a). The 

complexity of forest structure within owl territories that includes large downed logs and woody 

debris, as well as a mixture of understory vegetation appears to have a positive influence on 

spotted owl demographics (Sovern et al. 2015, Buchanan et al. 2016). Although reproductive 

success on the territorial level can be partially attributed to the age and experience of individual 

owls (Olson et al. 2004, Dugger et al. 2005), patterns in fecundity have also been associated with 

the amount of suitable nesting, roosting and foraging habitat within a territory (Franklin et al. 

2000, Dugger et al. 2005). While types of old forest vary across the range of the spotted owl, 

they are primarily dominated by trees greater than 200 years old, with higher than 40%-60% 

canopy cover or canopy closure near core site centers (Herter et al. 2002, Davis et al. 2011, 

2016). Although the lands outside the boundary of Mount Rainier National Park (hereafter 

MRNP) continue to experience timber harvest and development, there has been virtually no 

history of timber harvest within the park boundaries since its creation in 1899. This has left 

~82,000 acres of suitable spotted owl habitat (forest ≥ 100 years old, elevation ≤ 1,463m, ≥ 40% 

canopy cover) protected and largely undisturbed for over 100 years, a unique environment which 

is largely absent elsewhere within the range of the spotted owl (Hemstrom and Franklin 1982, 

Bart and Earnst 1993, T. Chestnut, unpublished data). Thus, MRNP provides an opportunity to 

evaluate the effects of habitat and barred owl presence on occupancy dynamics and breeding 
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propensity of spotted owls in a large area of old forest that has not been recently disturbed by 

harvest or fire.  

 As proposed by Franklin et al. (2000), spotted owls appear to have a life history that 

relies on bet-hedging, such that survival increases proportionately with owls that choose to 

reproduce during periods of better or less extreme weather conditions. Wet and cold conditions 

in winter and early spring are associated with decreased reproductive success and adult survival 

(Franklin et al. 2000, Olson et al. 2004, Dugger et al. 2005, Glenn et al. 2010, Davis et al. 2011, 

Dugger et al. 2016). Cold, wet conditions during late winter and early spring not only expose 

eggs and young to adverse conditions at a vital stage in development but can also increase 

energetic demands of adults such that annual adult survival is decreased (Franklin et al. 2000, 

Glenn et al. 2011b, Dugger et al. 2016). Despite a largely undisturbed forest in MRNP, Northern 

Spotted Owls in this study area experience some of the harshest climates within their range. With 

extreme geomorphic variation across the park (i.e. elevation, slope and aspect), and long, cold 

winters, the study of relationships between microclimate and weather effects on owl 

demographic rates within spotted owl territories could increase our understanding of the effects 

of landscape and environmental variation on occupancy dynamics and breeding rates in MRNP. 

The characteristics that comprise a high quality spotted owl territory in northern regions of the 

species range may include local weather attributes as well as general habitat characteristics. It is 

important to understand current relationships between habitat, weather, and spotted owl 

demographics in order to predict the potential impact of projected climate change.  

 Although habitat and weather remain important factors to consider in spotted owl 

demographics, the presence of barred owls in MRNP may also be a contributor to spotted owl 

declines in the park. Barred owl presence on Northern Spotted Owl territories has been 
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associated with declines in spotted owl survival (Anthony et al. 2006, Glenn et al. 2011b, Dugger 

et al. 2016), occupancy rates (Olson et al. 2004, Kroll et al. 2010, Dugger et al. 2011, 2016, 

Yackulic et al. 2014, Sovern et al. 2014, Diller et al. 2016), and reproductive success (Olson et 

al. 2004, Forsman et al. 2011, Wiens et al. 2014). When barred owls are present in a spotted owl 

territory, local territory extinction rates increase, and colonization rates decrease, even when 

suitable spotted owl habitat is available (Olson et al. 2004, Dugger et al. 2011, 2016; Yackulic et 

al. 2014, Sovern et al. 2014). Barred owl presence may also reduce spotted owl detections by 

reducing call response, resulting in non-detection of spotted owls, even when they are present. 

Consistent with patterns in incidental detections of barred owls on Northern Spotted Owl 

demography study areas across the Pacific Northwest, detections of barred owls on MRNP 

within historic spotted owl territories have increased. Barred owl detections in the first few years 

of the study was, on average, approximately 30% and increased to near 50% currently, 

suggesting that barred owl densities have increased throughout MRNP (Figure 2).  

 It is imperative that federal land managers understand the potential influence of 

biological and environmental factors on threatened and endangered species they are responsible 

for managing within our national parks. Although there have been study areas adjacent to MRNP 

included in several range-wide analyses of spotted owl populations, and the Rainier DSA does 

include MRNP, occupancy dynamics and breeding propensity or success of spotted owls relative 

to habitat characteristics, microclimate and weather variation, and barred owl presence at the 

finer park-level scale has never been investigated. Given the differences in land use history 

within the Rainier DSA and NPS mission to conserve wildlife for future generations, 

understanding the environmental and biological characteristics that may influence the occupancy 

status of territories at MRNP is critical for the NPS mission. This project will allow park 
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managers to make more informed management decisions to protect the Northern Spotted Owl 

population within the park. Specifically, my objectives in this study were to determine (1) 

whether specific habitat configurations or microclimates on territories increase the probability of 

occupancy by breeding spotted owls, (2) whether barred owl presence at historic spotted owl 

territories decreases the probability that a territory will be occupied by spotted owls, and (3) 

whether barred owl presence decreases the probability that spotted owls will breed.  The unique 

landscape and management history of MRNP, as compared to other study areas included in 

recent demographic analyses of Northern Spotted Owls, warrants an independent study of 

Northern Spotted Owl population dynamics so that effective management plans for this species 

and its habitat can be drafted and implemented within the park.  
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   CHAPTER 2 

METHODS 

Anna O. Mangan 
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STUDY AREA 

 Mount Rainier National Park (MRNP) is located in west-central Washington, roughly 

centered on Mount Rainier, which is the tallest mountain in the Cascade Range (elevation 4,392 

m; Antonova et al. 2014; Fig. 3). MRNP is 95,648 hectares in area, of which ~35% of the 

landscape (33,184 hectares) is forested and potentially available to spotted owls. The rest of the 

park is comprised of glacial outcrops, rocky talus slopes, and subalpine forest (Moir et al. 1977, 

Hemstrom and Franklin 1982, Franklin et al. 1988). The habitat characteristics that best 

described spotted owl use for nesting and roosting habitat in the Washington Cascades include 

the percentage of canopy cover (>84 %) and density of large conifers, i.e., large conifers = >76 

centimeters diameter at breast height, density > 4 trees/hectare (Davis et al. 2016), although >40-

60% canopy cover is considered marginal/suitable habitat across the spotted owl range (Herter et 

al. 2002, Davis et al. 2011). The study area was shaped like a doughnut, consisting of a ring of 

all national park land surrounding Mount Rainier below 1,524 meters. The study area included a 

total of 36 historic spotted owl territories, although a smaller number of territories were 

monitored with varying degrees of survey effort from1982-2016.  

 The vegetation of MRNP varies greatly due to large differences in geomorphology and 

elevation, and includes mid- and high-elevation forests, as well as subalpine and alpine habitats. 

Dominant tree species below about 1,500 m are Douglas Fir (Pseudotsuga menziesii), Western 

Red Cedar (Thuja Plicata), and Western Hemlock (Tsuga heterophylfa) (Moir et al. 1977, 

Franklin et al. 1988, Forsman et al. 2001, Crawford et al. 2009). Forest age is also diverse. Most 
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forests are 100-200 years old, with some stands >350 years old (Hemstrom and Franklin 1982). 

Mature and old-growth forests have remained largely intact because of federal protection of park 

lands since 1899. Except for some small-scale development for administrative buildings and 

visitor facilities (3% of the park), MRNP has otherwise been protected from timber harvest and 

development (Hemstrom and Franklin 1982). Additionally, MRNP has a long-rotation fire 

frequency estimated at 434 years, and any fires are suppressed when they originate outside the 

park boundary, and bothfactors reduce the loss of current spotted owl habitat at MRNP 

(Hemstrom and Franklin 1982). Thus, the types of recent disturbance that have resulted in habitat 

loss in many other spotted owl demography areas (e.g., Davis et al. 2016, Dugger et al. 2016), 

have been largely absent from MRNP.  

 There are many climactic gradients within MRNP because of the drastically different 

elevations and geomorphological features of the park. Generally, the study area experiences cold, 

wet winters, with precipitation falling as rain or snow at higher elevations during winter 

(Hemstrom and Franklin 1982). During critical breeding and dispersal months for Northern 

Spotted Owls (September through July) average minimum temperatures range from -9 to 5 

degrees Celsius with mean annual precipitation ranging from 148 to nearly 300 cm per year 

(PRISM 1997-2013; PRISM Climate Group, www. prismclimate.org, accessed 15 October 

2016). The study area weather, while characteristic of the Pacific Northwest, can fluctuate 

significantly on a micro scale because of the varying landscape (Theobald et al. 2017).  

 

METHODS 

Spotted Owl Surveys 
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 Northern Spotted Owl demographic surveys were initiated in 1997 following protocols 

established by Franklin et al. (1996). The sample of owl territories that were monitored each year 

was 16 in the first year of the study and then gradually increased to a maximum of 36 territories 

in 2012, as new territories were discovered (Figure 3). Surveyors made a minimum of three visits 

to each site during the breeding season each year to determine spotted owl occurrence and 

breeding status.  Field surveys were conducted by broadcasting recorded spotted owl 

vocalizations throughout forested habitat with prior owl activity and up to 1.5 km radius of the 

surrounding area. Nocturnal point count surveys were also conducted along roads and trails 

throughout the park, with 10 minutes of consecutive broadcast calls at each point. When 

individual or paired owls were detected, their reproductive status was determined by offering 

them < 4 mice to see if they would carry the mice to a nest or fledged young (Franklin et al. 

1996). To confirm the nesting status of owls at each territory the observers repeated the four-

mouse protocol on at least two visits. All juveniles and adults were banded with color bands and 

numbered US Fish and Wildlife Service (USFWS) metal bands so that they could be visually 

identified in future years without recapture (Reid et al. 1999). These field protocols produced 

data that could be used to estimate spotted owl vital rates, including occupancy, breeding 

propensity and reproductive success at multiple scales (e. g. range-wide, regional, site).  

 

Delineation of Spotted owl territories and available use areas 

 For management purposes, the USFWS defines Northern Spotted Owl management areas 

or owl circles for the Washington Cascade physiographic province area as a 1.8-mile (466 

hectares) radius circle around any owl activity center that represents the annual home range of a 

pair of spotted owls (USFWS 2011b). I delineated Northern Spotted Owl territories by creating 
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Thiessen polygons in ArcGIS software around all annual activity site centers from 1997-2016 

within a historic territory, extending to half the median distance of the nearest neighboring owl 

territory (Dugger et al. 2016). I chose to use Thiessen polygons to represent spotted owl core-use 

areas (hereafter, “territories”) because they incorporate precise locations of Northern Spotted 

Owls on the study area and better represent the differing shape and size of spotted owl territories 

at MRNP than a circle around an activity center. The location of an activity center for each 

territory was determined based on the “highest rated” spotted owl detection for that season in 

hierarchal order as follows: nest location, pair location, or single owl location. Annual activity 

centers were only recorded when spotted owls were detected on a territory. I created a territorial 

polygon layer in ArcGIS 10. 4 and then overlaid it on habitat and weather raster maps to 

summarize mean statistics for variables of interest.  

 Since MRNP contains such extreme variation in landscape, it was important to only 

include habitable terrain that could reasonably be used by spotted owls in my spatial and 

temporal analysis. I defined lands available for use as any land within MRNP boundaries below 

1,524 meters (~5,000 ft) and created a single polygon to represent this land area. Of 

approximately 1,500 total spotted owl detections across MRNP, no reliable detections have 

occurred above 1,524 m, so landscape and weather summaries above this elevation were not 

included in any of my analyses or development of covariates. Forests above 1,524 m in MRNP 

are typically unsuitable for spotted owls because they consist of subalpine stands of small trees 

characterized by harsh winters with deep snow (Moir et al. 1977, Hemstrom and Franklin 1982, 

Franklin et al. 1988). Although Northern Spotted Owls typically occur below 1,520 meters in 

MRNP, the available use threshold was chosen 61 meters higher than the highest historic owl 

detections (1,463 meters) so potential use of transitional forest structures was included.  
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Northern Spotted Owl occupancy dynamics 

 I modeled site occupancy dynamics using a multi-state, multi-season occupancy model 

(Nichols et al. 2007, MacKenzie et al. 2009). The single-state version of this model has been 

successfully applied to spotted owl survey data by many others (Olson et al., 2005, Dugger et al. 

2011, Kroll et al. 2010) and allows for the inclusion of multiple covariates, while also accounting 

for variation in detection probabilities due to the experience of field surveyors, animal behavior, 

and environmental variables (Olson et al. 2005, Wiens et al. 2011, Yackulic et al. 2012). I used a 

multi-state model because it allowed me to incorporate the presence or absence of spotted owls 

at historic territories, and if present, whether or not they reproduced (Nichols et al. 2007, 

MacKenzie et al. 2009).  

 I included two occupancy states in my models based on detections of spotted owls on 

individual territories during annual surveys.  I coded the annual encounter histories for each 

spotted owl territory as 0 (no detection), 1 (occupied with no breeding), or 2 (occupied with 

confirmed breeding) depending on the status of the site during within season visits (j) between 

April 15th -September 14th. I split each survey season into six monthly survey periods (secondary 

sample occasions) to reduce the number of missing observations in the occupancy data, while 

still addressing potential temporal variation in detection rates within seasons.  Territories were 

coded as having missing data (“.”), if the site was not visited during a monthly survey period. 

When multiple surveys were conducted at a territory within the same time period, I took a 

hierarchal approach to status assignment, with occupancy of breeding owls receiving the highest 

detection status.  



14 

 

 

 

Territory transition probabilities  𝜓𝑡+1
𝑚  and 𝑅𝑡+1

𝑚  were defined as follows:  𝜓𝑡+1
𝑚  was the 

probability of a spotted owl territory transitioning from one of the three occupancy states at time 

t, to an occupied state (state 1 or 2) at time t+1, and 𝑅𝑡+1
𝑚  was the probability of a territory 

transitioning from any of the three states in year t, to a territory being occupied with reproduction 

(state 2) in year t+1 (Table 1). Estimates of state parameters, 𝜓𝑡, the probability that a territory 

was occupied at time t, and 𝑅𝑡 (hereafter defined as breeding propensity), the probability that 

spotted owls reproduced, given a territory was occupied at time t were derived parameters 

(MacKenzie et al. 2009). I used the robust design conditional binomial occupancy 

parameterizaton available in Program MARK to generate parameter estimates and model 

selection statistics (White and Burnham 1999), with 19 years of survey data as primary sample 

periods.   

 

Habitat Covariates 

LiDAR 

 I characterized habitat for MRNP using remotely-sensed airborne light detection and 

ranging (LiDAR; Wehr and Lohr 1999, Vierling et al. 2008). LiDAR is a relatively new tool that 

produces metrics that can make inference to central components of spotted owl habitat, such as 

stand age, and can directly estimate tree density, canopy cover, slope and elevation (Lefsky et al. 

1999, Dubayah and Drake 2000, Vogeler et al. 2013, Ackers et al. 2015). Habitat data from 

LiDAR in one owl study resulted in an 81.9% model fit, compared to a 53.5% model fit of the 

same habitat structures using Landsat images, and led to more accurate estimates of nesting 

habitat for Northern Spotted Owls as identified by field biologists (Ackers et al. 2015).  
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 LiDAR data for MRNP was obtained from discrete return airborne LiDAR flown on 

three separate occasions (due to weather constraints) in fall of 2007 and 2008 by Watershed 

Sciences, Inc. A Leica ALS50 Phase II laser system mounted in a Cessna fixed-wing aircraft was 

used to collect the data. The mean LiDAR point density around mountain and forested habitat 

was 5.7 points/m2 and was slightly higher around some river drainages at 7.27points/m2. I used 

previously constructed 30-m resolution raster grids processed in program FUSION from first 

return LiDAR data so this study was comparable to other recent owl-habitat studies that have 

used similar grid resolutions (Davis et al. 2011, 2016, Ackers et al. 2015, Dugger et al. 2016). A 

number of historical spotted owl territories (as defined by Thiessen polygons) overlapped the 

boundary of MRNP, so I used data from LiDAR flown for Pierce County in 2010 and 2011 (9.01 

points/m2) surrounding the park that was previously processed in FUSION to complete polygons 

that extended outside of park boundaries.  

 Although LiDAR data represent a snapshot of habitat in time, I assumed the LiDAR data 

for MRNP were an accurate representation of landscape conditions during the entire study 

because of the limited amount of disturbance at MRNP and the slow growth rates of old-growth 

and mature forests within the park (Vierling et al. 2014). To account for potential fires that 

would not be represented by the LiDAR data, due to time lags, I consulted the Monitoring 

Trends in Burn Severity (MTBS) data portal, a Landsat-based data source, which documented 

both prescribed and wildland fires that exceeded 1,000 acres in the Western U. S. from 1984 to 

2015 (http://www.mtbs.gov/). The last stand-scale fire at MRNP occurred in 1930, with smaller 

fires occurring in 1960 and 2009 (Hemstrom and Franklin 1982), most of which burned 

landscapes at high elevations where spotted owls are unlikely to occur.  

 

http://www.mtbs.gov/)
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Habitat Covariates 

 I used LiDAR derived maps characterizing seven different habitat metrics to characterize 

forested landscapes within spotted owl territories; upper strata density, rumple index, mean tree 

height, canopy cover, and general topography measurements (Table 2). These covariates were 

chosen because they directly measured and described components of forest structure and age 

identified as important to spotted owl territory and core use areas (Ackers et al. 2015). I 

hypothesized that I would find a large proportion of available landscape and historic NSO 

territories at MRNP with diverse forest structure (high rumple index), a high percentage of 

canopy cover, and overstory trees >30 meters tall (upper strata density, mean height).  

 For previously processed raw LiDAR that I used in my analysis, a 350-foot maximum 

tree height threshold that would retain MRNP old-growth forest layer, but remove extraneous 

atmospheric noise (e.g., clouds, birds) was chosen. A lower tree height threshold of 100 feet 

(30m) was used to extract upper canopy density measurements from the LiDAR data to create  

habitat maps that I summarized and used as environmental variables in my occupancy analysis. 

This tree height was chosen to include the minimum age of forest stands owls may reasonably be 

expected to incorporate into their core territory, while excluding younger forest that would be 

considered less than optimal habitat for spotted owls. These heights are representative of forests 

available to Northern Spotted Owls at MRNP, with the assumption that spotted owls will 

typically choose old-growth habitat structure when it is available on the landscape (Dugger et al. 

2005, Forsman 2005, Wiens et al. 2014). To obtain minimum and maximum height thresholds, I 

took DBH measurements of 38 spotted owl nest trees at MRNP and used those values in 

established height-diameter equations for Douglas Fir and Western Hemlock trees in coastal 

Washington (Hanus et al. 1999). I used the height values from these equations to determine 
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minimum and maximum height thresholds to be applied to the LiDAR data to help characterize 

the mean height of forest at the 36 historic territories at MRNP and the larger study area. 

Upper Strata Density  

 The upper strata density measurement operates by slicing the forest into layers based on 

various tree heights, and then calculating the mean percentage of trees that register within each 

of these layers. A higher proportion of returns in the upper strata indicate that there were larger 

trees or greater canopy bulk in these areas. I defined the upper strata threshold at MRNP as any 

tree >30 m tall. Although there were many stands of old-growth trees at MRNP that exceeded 

30m in height, I did not want to discount potential forest available to spotted owl core use that 

was shorter (based on historic DBH/height tree relations of historic nest trees).  

Canopy Cover 

 LiDAR measurements for canopy cover were important to include, as canopy cover (and 

canopy closure) is an important characteristic that defines old-growth forest and spotted owl 

habitat (add cites). Forests that were found to be used by spotted owls for nesting, roosting and 

dispersal are typically comprised of >60% canopy closure and canopy cover (Herter et al. 2002, 

Davis et al. 2011), with maximums of canopy cover from LiDAR (area of the ground covered by 

the vertical canopy) as high as 84% in some parts of the spotted owl’s range (Ackers et al. 2015). 

In my study, I used a map of canopy cover that was measured as any first return light pulse from 

LiDAR greater than 2 meters, which reduced potential for incorrect measurements because of 

noise from the ground. This is a common approach to measuring canopy cover using LiDAR 

data, but it is likely not completely comparable to canopy cover estimated from Landsat data, or 

canopy closer measured from the ground as in many previous studies.  However, based on 

previous research and the large amounts of old-growth forest structure that remain within the 
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park, I predicted that canopy cover of suitable NSO nesting/roosting habitat at MRNP was 

greater than 60%.  

Rumple Index 

 While forest height and canopy cover have been good indicators of spotted owl use areas 

in past studies, rumple index is a newer LiDAR measurement of the diversity of forest structure 

often indicative of old-growth and NSO core use areas (Kane et al. 2010, Ackers et al. 2015). 

Rumple index uses first return pulses to measure the ruggedness of the canopy, with higher index 

values representing a greater diversity in structure. I predicted that average rumple index values 

on MRNP would be moderate to high, and higher within historic NSO territories, as compared to 

the rest of the available landscape below 1,524 m. 

Mean Height 

 I calculated the relationship between tree height and age by using established 

mathematical equations. While the actual height-age-diameter relationship varied depending on 

the type of tree, the old-growth trees that dominated the MRNP landscape were relatively tall. 

The mean height covariate I used measured the average height of the top of the canopy. I did not 

use maximum height of the canopy because the noise from first returns can affect the results. I 

hypothesized that mean height values would vary dramatically across the landscape but would be 

higher for NSO territories vs. the rest of the available landscape since owls tend to choose this 

forest structure when it is available (Dugger et al. 2005, Forsman 2005, Wiens et al. 2014).   

Topography 

 To investigate the influence of topographical variables on occupancy and breeding 

propensity of spotted owls, I created elevation, slope, and aspect covariates for each NSO 
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historic territory, and the larger landscape of MRNP (Table 3). I predicted a higher probability of 

occupancy by breeding owls at territories that had more southerly exposure as these sites would 

warm faster than northern exposures that had snow and cooler temperatures that persisted later in 

the season. Although there was some indication that spotted owls were spending more time at 

higher elevations (60-meter increase in nest tree elevation since 2007 at MRNP, unpublished), I 

do not expect to find territories to be overly steep or high in elevation since spotted owls at 

MRNP ranged primarily between 600 to 1,200 meters with an average of ~1,050 meters. Thus, I 

predicted that elevation and slope effects on occupancy dynamics might best be modeled as 

quadratic structures, where the highest occupancy of spotted owls occurred at territories with 

intermediate elevations and slopes.  

 I characterized the habitat metrics of interest for each territory by overlaying Thiessen 

polygons representative of NSO core use areas on to LiDAR maps. I spatially analyzed habitat 

within Thiessen polygons and the available landscape of MRNP using the “zonal statistics to 

table” tool in ArcGIS 10.4. This zonal tool functions by summarizing the chosen statistics (e.g., 

mean, standard deviation) of underlying habitat raster layers within the boundaries of the 

territorial and available use polygons I created in ArcGIS 10.4.  I summarized the mean of each 

LiDAR metric and used it as an environmental covariate on both a territorial and study area 

spatial scale. Using this approach allowed me to compare LiDAR averages of habitat metrics 

across territories, and also make comparisons with the greater landscape of MRNP I considered 

available to spotted owl use (<1,524 m). LiDAR averages were reported in a table of output 

values that I included to be tested for significance in my occupancy modeling.   
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Weather Covariates 

 I collected local and study area precipitation and temperature data using iButton data 

loggers (www.maximintegrated.com/en/products/ibutton/ibuttons/thermochron.cfm) near spotted 

owl territories, and PRISM maps (Parameter-elevated Regression on Independent Slopes 

Models) from the Oregon Climate Service at Oregon State University. I used these weather data 

to create four different environmental covariates to test if more favorable study area-level 

weather conditions resulted in a higher probability of occupancy by breeding owls during critical 

time periods at both spatial and temporal scales (Table 3). 

Study Area Temperature and Precipitation Covariates 

 To obtain precipitation and temperature values at the study area scale, I used PRISM 

Climate Group data that were available for the duration of the study (1997 to 2016) and followed 

methods similar to those I used for the spatial analysis of iButton temperature grid data. PRISM 

weather stations incorporate the topography, rain shadow, and coastal effects in measurements of 

climate variables to create digital elevation raster maps. To summarize MRNP weather 

temporally, I used the same available use polygon from my habitat analysis and overlaid it onto 

800-meter resolution raster maps of minimum temperature and precipitation, then averaged these 

monthly values using the zonal statistics as table tool in ArcGIS 10.4. As in several previous 

studies (Glenn et al. 2010, 2011, Forsman et al. 2011, Dugger et al. 2011), I defined winter as 

November-February and the early nesting period as March-April. I created mean minimum 

temperature and precipitation values for the winter and early nesting periods for all 20 years of 

data across MRNP. Since I wanted to compare values of territorial precipitation with the mean 

values of precipitation for the larger study area, I used precipitation values derived from the 

800m resolution raster maps as both a spatial and temporal model covariate, as a finer scale 
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measurement of precipitation was not available. As higher levels of precipitation and colder 

temperatures during the winter and early nesting periods can decrease reproduction of spotted 

owls (Franklin et al. 2000, Anthony 2006, Glenn 2011a), I predicted that the probability that a 

territory would be occupied by breeding owls would decrease during years, and at territories, that 

were colder and wetter (Table 3).  

Territorial weather covariates  

 A previous researcher collected 6 years of air temperature data using over 100 iButton 

data loggers deployed across Mount Rainier National Park (Breckheimer 2016, 

http://www.tinyplant.org). These data were available for my use, and allowed me to characterize 

weather at the level of the individual territory. I used these data to create detailed temperature 

raster maps of the whole park at a 90meter grid resolution. PRISM grids (800m resolution; 

PRISM 1997-2013; PRISM Climate Group, www.prismclimate.org, accessed 15 October 2016) 

produced by 15 weather stations located in MRNP were also available as an alternate source of 

weather data for the park. I took the previously described Thiessen polygons for each owl site 

and overlaid them on raster maps of minimum temperature representing the winter and early 

nesting periods. The iButton data did not include November, but did include the month of May, 

so for the territory-specific investigations of weather, winter mean minimum temperatures 

included data from Dec-Feb, with early nesting temperatures spanning March-May (Breckheimer 

2016, http://www.tinyplant.org). Since my territorial weather covariates used minimum 

temperature averages, I assumed it was unlikely that excluding November, which is not the 

coldest month of the year (for winter) or including May when spring temperatures start warming 

up (early nesting) would substantially change the overall average minimum temperature for each 

territory, or the resulting relationship if it was present. I used the zonal statistics as table tool in 

http://www.tinyplant.org)/
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ArcGIS 10.4 to summarize the minimum temperatures of each territory during these time periods 

on a spatial scale and incorporated them as environmental covariates in my occupancy models. I 

predicted that colder winters and early nesting periods would decrease the probability of 

occupancy by breeding owls. I did not predict that these weather variables would affect general 

occupancy, as spotted owls are territorial birds that establish and defend territories regardless of 

unfavorable weather. However, temporal or spatial temperature severity may influence whether 

owls breed.  

 

Additional Covariates 

Barred owl covariate  

 Barred owl detection/non-detection data was opportunistically collected during diurnal 

and nocturnal field surveys and point counts for NSO. When a barred owl was heard or seen 

during any site visit during the season, barred owl presence was recorded and the location on the 

territory estimated, but the purpose of the survey was not to elicit a barred owl response. These 

detection locations were mapped using ArcGIS, and only detections that fell within the territorial 

Thiessen polygons were included in the creation of the annual, territory-specific barred owl 

covariate. Using these data, I developed a temporally-varying individual barred owl covariate for 

each territory that I could incorporate into occupancy models. This barred owl detection 

covariate (BO) was coded as a binary variable for each territory during each breeding season 

(primary sampling period), receiving a 1 if a barred owl was detected at any site during the 

season, and a 0 if not-detected. I predicted that because of their size advantage and increasing 

density in MRNP, the presence of barred owls would negatively affect spotted owl occupancy 

and reproduction on both temporal and spatial scales.  
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Even and odd year covariate 

 Although the cause is not well understood, Northern Spotted Owls do not breed every 

year, and sometimes reproduce every other year (Anthony et al. 2006, Forsman et al. 2011, 

Dugger et al. 2016). This “even/odd” pattern in reproduction is generally upheld across the range 

of the Northern Spotted Owl with higher rates of reproduction typically occurring in even years 

(Anthony et al. 2006, Blakesley et al. 2010, Forsman et al. 2011, Stoelting et al. 2015). While 

this pattern is not always consistent, it remains strong enough to potentially influence model 

estimates of occupancy on both 𝜓𝑡+1
𝑚  and 𝑅𝑡+1

𝑚  transition parameters and was therefore included 

as an individual covariate in the modeling process (Table 3).  

Reproduction rate covariate 

 I also created a covariate reflecting the annual reproductive rate (number of chicks 

fledged per pair) on MRNP to model the probability that reproduction at a territory is detected 

when it is present (δ), and detection rates of owls in general are increased on some areas during 

years when more pairs are breeding (Anthony et al. 2006, Forsman et al. 2011). When the 

reproduction rate of spotted owls at the population level is higher, the probability of detecting 

successful breeding at a territory may increase as well. To address this potential influence on 

breeding detection rates, I developed a “RR” covariate representing reproduction rate by taking 

the mean number of owl fledglings produced across all territories, divided by the total number of 

spotted owl pairs present for each year of the study at MRNP (20 years total).  
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Model Set Development 

   Before conducting my analysis, I ran a Pearson correlation test to identify any covariates 

that were highly correlated. I considered pairwise correlations among covariates ≥ 0.70, to be too 

similar to be included together in the same model. As expected, territory and study area 

temperature and precipitation covariates for both winter and early nesting periods were highly 

correlated (r = 0. 92), as was the mean height covariate and both upper strata and forest cover 

metrics (Appendix A). I hypothesized that forest cover and upper strata would be more 

descriptive of forest structure preferred by spotted owls, whereas mean height would not isolate 

the old-growth forest structure relevant to spotted owl nesting ecology, but I retained mean 

height as a covariate to test this hypothesis.  

 I took an iterative approach to model selection that allowed me to explore a priori 

predictions for relevant covariates on each of the (5) model components (within and between-

year detection probabilities (pij), probability of detecting reproduction if it occurs (delta;(𝛿𝑖,𝑗)), 

initial occupancy (𝜑𝑚) and occupancy and reproductive state transitions (𝜓𝑡+1
𝑚 , 𝑅𝑡+1

𝑚 ; Table 1). I 

started the process by modeling detection parameters, 𝑝 and δ, while maintaining general state 

and time effects on the occupancy and breeding transition parameters [𝜑(1,2),  𝜓(0,1,2)(𝑡), 

𝑅(0,1,2)(𝑡) ](Table 3). I considered the best performing model for each of these detection 

parameters and used them throughout the rest of my occupancy analysis when modeling the 

remaining 𝜓𝑡+1
𝑚 and 𝑅𝑡+1

𝑚 parameters.  

 I began modeling the within-year variation on detection rates by including basic time (t) 

and trend structures (T, lnT, TT) to evaluate whether there were temporal patterns in detection 

rates within years. I then proceeded to model variation between years by testing general temporal 

patterns (t) and the detection of barred owls (BO) (Appendix B1). Finally, I tested for differences 
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in detection probabilities across territory state (0,1, or 2). The structure from the top model was 

retained as I then evaluated the variation in the probability of detecting reproduction if it was 

occurring (𝛿𝑖,𝑗). I modeled δ in nearly an identical fashion as 𝑝, testing general time effects (t) 

and trends (T, lnT, and TT) within and between years. I then tested the effect of barred owls, and 

an additional covariate representing the annual, population-level reproductive rate (RR) between 

years. The reproductive rate covariate was incorporated to reflect the potential for increased 

detection of reproduction in NSO in years when more owls were breeding, or breeding 

successfully (Appendix B2).  

Territories in this study were added to the data when individual or paired owls were 

found, thus initial occupancy probabilities relative to reproductive state for each territory (𝜑(𝑚)) 

was typically very high and provide little information about occupancy dynamics.  Thus, I did 

not evaluate covariates on 𝜑(𝑚), but after the best structure for δ was obtained, I did evaluate 

whether initial occupancy and initial occupancy with reproduction (𝜑(𝑚)) were best modeled 

separately (𝜑(1) ≠  𝜑(2)), or whether they were essentially the same 𝜑(1)=𝜑(2). The best 

structure for both detection parameters (𝑝 and δ) and initial occupancy (𝜑) was retained for 

modeling the remaining 𝜓𝑡+1
𝑚  and 𝑅𝑡+1

𝑚  parameters.  

 I evaluated whether there were differences in 𝜓𝑡+1
𝑚  relative to starting state (0, 1, 2), and 

then evaluated additive and interaction effects between state and general year effects (Yr).  

Retaining the best state structure on 𝜓𝑡+1
𝑚 , I then evaluated single-factor models including linear 

(T) and pseudo-threshold (lnT) time trends, and habitat, weather, and barred owl covariates in 

separate models. I then evaluated a limited number of multi-factor models based on initial 

rankings. I limited hypothesized interactions between covariates, or covariates and state because 

my sample sizes were small and only a few interactions seemed ecologically relevant. I used this 
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same iterative approach to model the probability of transitioning to an occupied site with 

reproduction (𝑅𝑡+1
𝑚 ).  

I used an Information Theoretic approach to develop model sets and evaluate models 

(Burnham and Anderson 2002). I ranked models at each iterative stage with Akaike’s 

Information Criterion adjusted for small sample sizes (AICc), and I used the difference between 

AICc for each model and the model with the lowest AICc (AICc) and Akaike weights (wi) to 

evaluate strength of evidence for each model (Burnham and Anderson 2002).  I considered 

models that fell within ΔAICc  ≤ 2.0 competitive, and I examined the maximized log-likelihood (-

2lnL) in all top models to ensure these best models were not a result of decrease in deviance 

associated with  the addition of one or more covariates in a model, when these covariates may 

actually be uninformative (Arnold 2010). To evaluate the direction and strength of support for a 

particular covariate in a model, I examined the 95% confidence intervals (95% CI) for slope 

coefficients (β). I considered the effect of specific covariates to have the strongest support in my 

models when 95% CI for my slope coefficients did not overlap zero, moderate support if 

confidence intervals overlapped zero <10%, and little support if confidence limits widely 

overlapped zero (Anthony et al. 2006, Forsman et al. 2011, Dugger et al. 2016). 

 

 

 

 

 



27 

 

 

 

 

CHAPTER 3 

RESULTS AND DISCUSSION 

Anna O. Mangan 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

 

 

RESULTS 

Detection Probabilities 

 Detection rates varied by state, but there was little support for annual variation between 

years (𝑝𝑑𝑜𝑡,𝑇
1,2  ; Appendix B1). However, within years, survey-specific detection rates decreased 

over time (T: �̂�= -0. 27, SE=0. 06; 95% CI: -0.38 to -0.15). Per visit detection rates were low for 

territories that were previously occupied by non-breeding owls (𝑝𝑑𝑜𝑡,𝑇
1 ; range = 0.32-0.14), but 

relatively high for territories where breeding spotted owls were detected the previous year 

(𝑝𝑑𝑜𝑡,𝑇
2 ; range =0.86-0.67).  

 The probability of detecting reproduction at territories when reproduction was occurring 

(𝛿𝑖,𝑗) increased initially within years, but then leveled off as the breeding season progressed (lnT; 

�̂�=0.78, SE=0.31; 95% CI: 0.17 to 1.38). Between years, 𝛿𝑖,𝑗 was negatively influenced by the 

detection of barred owls (Appendix B2; �̂�= -1.14, SE= 0.39; 95% CI: -2.17 to -0.66) but 

positively related with annual reproduction of spotted owls at MRNP (RR; �̂�= 4.70, SE=0.60; 

CI: 3.52 to 5.87). Both were strong effects, with confidence limits that did not overlap zero.  

 

State Transitions   

 After working through my iterative modeling approach for 𝜓𝑡+1
𝑚  and 𝑅𝑡+1

𝑚 (Appendix B3, 

B4), the most parsimonious final model including the best structure for both parameters received 

81% of the model weight (Table 4). The best model for 𝜓𝑡+1
𝑚  included the separate effects of 

state, with the additive effects of slope (SL) and a pseudo-threshold time trend (lnT) 

[(𝜓0,1,2(𝑆𝐿 + 𝑙𝑛𝑇)]. Breeding propensity (𝑅𝑡+1
𝑚 ) was similar for territories that were unoccupied 

or occupied by non-breeding owls in previous years, relative to sites with breeding owls in 
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previous years. In addition, breeding propensity in all previous states varied with barred owl 

detection/presence, and mean temperatures across the study area during early nesting 

[(𝑅0=1,2(𝐵𝑂 + 𝑆𝑇𝐸𝑁)]. There were no other competitive models (ΔAICc  ≤ 2.0).  

The probability that a site became occupied (𝜓𝑡+1
𝑚 ) varied by initial starting state, and 

was highest for sites that were previously occupied, or occupied with reproduction in the 

previous year (Figure 4). In fact, the probability that a site occupied in the previous year by 

breeding owls was again occupied, was estimated as 1.0 in all years, so to increase the precision 

of the other parameters in the model, I fixed 𝜓𝑡+1
2 = 1.0, and the results I present here are from 

this final, adjusted model. For 𝜓𝑡+1
0 , and 𝜓𝑡+1

1  within years there was a negative, pseudo-

threshold trend such that occupancy transitions decreased over time and leveled off to low rates 

in the last few years of the study (lnT; �̂�=-0.98, SE=0.36; 95% CI: -1.68 to -0.28). The 

probability of a previously unoccupied site becoming occupied (i.e., 𝜓𝑡+1
0 ; colonization rates) 

reached a low of 9% in 2016 (SE=0.04, 95% CI: 0.04 to 0.20) (Figure 4).  

  Occupancy transitions were also positively related to the slope covariate, suggesting that 

territories with more relief (i.e., higher mean slopes) had higher probabilities of occupancy by 

spotted owls (SL; �̂�=0.08, SE=0.05; 95% CI: -0.02 to 0.18) (Figure 5). The 95% confidence 

intervals for slope slightly overlapped zero (<10%), but the model including slope had 36% of all 

AICc model weight during the iterative 𝜓𝑡+1
𝑚  modeling stage (Appendix B3), suggesting that 

while this covariate had a weaker effect on occupancy transitions it was still important to 

consider.     

 Breeding propensity (𝑅𝑡+1
𝑚 ) was highest on sites where breeding had occurred in previous 

years, and much lower overall on sites that were previously unoccupied or occupied by non-
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breeding birds in the previous years (Figure 6, Appendix B4). In addition, breeding propensity 

was negatively associated with the detection of barred owl presence on territories for all states 

(BO; �̂�=-0. 81, SE=0. 32; 95% CI: -1.44 to -0.17). Conversely, but as predicted, breeding 

propensity was positively related to early nesting minimum temperatures (Mar-Apr) across the 

study area each year (STEN; �̂�=0.45, SE=0.14; 95% CI: 0.18 to 0.72), with warmer temperatures 

associated with a higher probability of territory occupancy by breeding spotted owls (Figure 7).  

 Annual occupancy rates were derived from state transition rates (𝜓𝑡+1
𝑚  & 𝑅𝑡+1

𝑚 ) from my 

best model.  Over the 20-year study at MRNP, the overall occupancy of Northern Spotted Owl 

territories (regardless of state) decreased considerably with the probability of occupancy ranging 

from 93% in 1997 (95% CI: 72 to 10%) to 43% in 2016 (95% CI: 29 to 58%) (Figure 8). 

However, most of that decline was associated with declines in annual site occupancy by non-

breeding owls (𝜓1), which ranged from a high of 86% in 1997 (95% CI: 54 to 97%) shortly after 

surveys were initiated, to lows of 25% in 2016 (95% CI: 15 to 40%) (Figure 8.) The probability 

of occupancy by breeding owls (𝜓2) varied annually but appeared relatively stable over our 

study (Figure 9).        

 

DISCUSSION 

Between 1997 and 2016, Mount Rainier National Park (MRNP) experienced a 50% 

decline in territory occupancy by Northern Spotted Owls (93% in 1997 to 43% in 2016). 

However, the majority of that decline is associated with occupancy by non-breeding owls, as site 

occupancy with reproduction has remained relatively stable over time (Figure 9). I modeled the 

probability that a site was occupied by breeding owls, but I did not model the probability that 

reproduction was successful, as the number of sites within the population I started with was not 
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large enough to support the distinction between nest attempts and nest attempts that successfully 

fledged young (e.g., Nichols et al. 2007). Thus, while it appears that the proportion of sites with 

breeding owls has remained relatively unchanged during this study, reproductive success on 

those sites may well have declined, particularly relative to barred owl presence (e.g., Wiens et al. 

2014). The observed changes in general annual occupancy was associated with decreased 

colonization rates over this time period (a 56% decrease, with the probability that an unoccupied 

site was occupied=9% in 2016). While the pseudo-threshold time trend received more support 

than the detection of barred owl presence for occupancy dynamics (𝜓𝑡+1
𝑚 ), it’s very likely this 

trend reflects the negative influence of barred owls on the study area (also see Dugger et al. 

2016). Barred owl detections have increased steadily on MRNP in the last 20 years (Figure 2), 

but we only conduct spotted owl-specific surveys. Thus, it’s likely we underestimated the 

presence of barred owls on spotted owl territories each year (Wiens et al. 2011), which might 

explain why the barred owl covariate didn’t perform as well as the log-linear time trend for 

explaining occupancy dynamics.   

 However, the breeding propensity of spotted owls on MRNP was strongly, negatively 

affected by the detection of barred owl presence on historic territories. Compared to spotted 

owls, barred owls are larger, aggressive, and are generalists with respect to habitat and diet 

(Herter and Hicks 2000, Hamer et al. 2001, 2007, Gutierrez et al. 2007, Singleton et al. 2010, 

Dugger et al. 2011, Wiens et al. 2011, 2014, Yackulic et al. 2014). Many studies have suggested 

that these attributes, among others, are what enable barred owls to outcompete spotted owls for 

shared resources. Although barred owls were documented in Washington as early as 1965, the 

first barred owl at MRNP was not documented until 1986 but they have been detected every year 

since this time (Livezey 2009, D. George, unpublished), so spotted owls have likely been 
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competing with barred owls for resources at MRNP since the late 1980’s. Interestingly, I also 

observed a strong negative affect of barred owl presence on the probability of accurately 

detecting reproduction on an occupied site if it was occurring. Detection rates of Northern 

Spotted Owls decline when barred owls are present (Olson et al. 2005, Crozier et al. 2006, Bailey 

et al. 2009, Yackulic et al. 2014, Dugger et al. 2016), but this is the first time the negative effect 

of barred owls on our ability to detect spotted owl reproduction given standard survey protocols, 

has been quantified. Thus, it’s possible spotted owl reproductive rates are being underestimated 

on many demographic areas when barred owls are present. With a small and aging population of 

reproducing adult spotted owls at MRNP (2017 estimate of territorial adult spotted owls=18), the 

negative relationship between barred owls and spotted owl breeding propensity is concerning for 

the long-term survival of the species in the park.  

 I found no relationship between occupancy dynamics and any of the habitat covariates I 

investigated despite previous studies that have shown that old-growth forest characteristics are 

strongly associated with spotted owl occupancy and apparent survival (Franklin et al. 2000, 

Olsen et al. 2004, Dugger et al. 2005, 2011, 2016, Forsman et al. 2011, Sovern et al. 2015). 

However, much of the previous research linking spotted owl demography with habitat 

characteristics on territories has included forest lands that have experienced extensive loss and 

degradation of old forest due to timber harvest since the 1900’s (Davis et al. 2016). Current loss 

of old-growth forest to harvest on federal lands is minimal, but suitable spotted owl nesting and 

roosting habitat is still being lost at low levels to fire or disease across the species range (Davis et 

al. 2011, 2016). Also, the remaining spotted owl nesting/roosting habitat on many federal lands 

is highly fragmented (Davis et al. 2011, 2016). In contrast, there has been virtually no habitat 

disturbance at MRNP since its inception as a federal park in 1899, which has left most of the old-
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growth forest intact. My analysis did not support the importance of any of the four territory-

specific habitat variables on explaining the variation in occupancy dynamics and breeding 

propensity (canopy, rumple, mean height, upper strata) for spotted owls in MRNP. This suggests 

that there is little spatial difference in habitat configuration among spotted owl territories at 

MRNP. In fact, habitat variable means varied little across spotted owl territories and were similar 

overall to means across the entire study area below 1,524 meters (Table 5, 6). Additionally, there 

was almost no difference between habitat means when comparing territories that had never been 

occupied by breeding birds versus the habitat means for all other territories that experienced ≥1 

nesting year (Table 6). With such a large, contiguous area of old-growth forest available to 

spotted owls in MRNP, it is maybe not surprising that none of the habitat variables delineating 

old forest were strongly associated with occupancy dynamics. However, annual occupancy rates 

suggest that historic sites with reproducing owls still contain reproducing owls, and the largest 

decline in occupancy is associated with sites occupied by non-breeding birds. Thus, there may 

well be other environmental site selection characteristics (e.g. prey densities, nest tree 

availability) that are influencing occupancy and breeding propensity at MRNP that I did not 

measure in this study.  

 I also evaluated the association of several topographic variables (mean aspect, elevation, 

slope) that might characterize territory quality on occupancy dynamics and breeding propensity. 

Mean territory slope had a positive effect on the occupancy dynamics of spotted owl territories, 

with an increased probability of spotted owls occupying sites with steeper mean slope than sites 

with flatter terrain. In Olympic National Park, there is some indication that spotted owls are 

moving to higher elevations and steeper slopes, possibly as a reaction to increased barred owl 

presence (Gremel 2005, unpublished). I cannot make the direct connection between increased 
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occupancy by spotted owls at territories with higher slopes in response to the increased presence 

of barred owls, because we have no information to suggest this relationship with slope has 

changed over time, but my findings are consistent with habitat partitioning given known habitat 

preferences of barred owls (mesic, low elevation, low slope sites; Singleton et al. 2010, Wiens et 

al. 2014).   

 The impact of regional, or study area level weather conditions on spotted owl vital rates 

have been well-investigated (Franklin et al. 2000, Olson et al. 2004, Dugger et al. 2005, Glenn et 

al. 2010, Davis et al. 2011, Forsman et al. 2011, Glenn et al. 2011a,b, Dugger et al. 2016), 

however, my study was the first to quantify weather conditions at the territory level. This seemed 

like a particularly interesting approach at MNRP because in fact, habitat characteristics below 

1,524m are relatively homogeneous across the park, but there is strong variation in spotted owl 

breeding propensity in particular, among historic owl territories. Thus, perhaps microclimate 

conditions were an important component of territory quality in MNRP. Interestingly, I did not 

find that to be the case, and instead observed strong, positive support of mean minimum early 

nesting (Mar-Apr) temperatures (STEN) across all territories (i.e., at the level of the study area) 

on the breeding propensity of spotted owls at MRNP. Mean winter precipitation (SPW) did 

receive some weak support as a negative effect on breeding propensity with the probability that a 

site was occupied by breeding owls decreasing in years with higher average precipitation (Table 

4). Otherwise, I observed little evidence that any other territory- or study area-specific weather 

variables had an effect on occupancy dynamics. It may be that old-growth forest structure 

prevalent across spotted owl territories regulates weather and microclimate enough such that 

territory-specific differences are not large enough to influence the occupancy or breeding 

propensity of spotted owls at MRNP.   
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 Demographic modeling has been an essential tool in tracking the population dynamics of 

the Northern Spotted Owls across its range (e.g., Anthony et al. 2006, Forsman et al. 2011, 

Dugger et al. 2016). My results suggest that occupancy rates of spotted owl territories at Mount 

Rainier National Park (MRNP) have decreased by 50% since the beginning of the study, which is 

lower than the rate of decline reported for the Rainier demography study area (RAI) in the most 

recent meta-analysis (74% decline to 26% occupancy in 2013), but similar to the decline in 

occupancy rates observed for the other two remaining Washington demography study areas, the 

Olympic Peninsula (60%) and Cle Elum (45%) (Dugger et al. 2016). This was unexpected given 

the lack of habitat disturbance since the park was created (>100 years). The largest effect appears 

to be associated with decreased colonization rates and occupancy of historic sites by non-

breeding owls. This may reflect decreased fledging success on MRNP, or in adjacent 

surrounding areas associated with barred owl presence, thereby decreasing recruitment of young 

owls into unoccupied sites. Unfortunately, my study suggests that even when high quality habitat 

is readily available, the presence of the barred owls can have negative effects on spotted owl 

demography, and current habitat management activities do not seem to be effective. Thus, 

similar to conclusions drawn for other areas within the species range (Gutierrez et al. 2007, 

Pearson and Livezey 2007, Dugger et al. 2016), persistence of the Northern Spotted Owl may 

require additional management intervention beyond the conservation of old growth forest to 

address the barred owl threat (Diller et al. 2016, Wiens et al. 2016, 2017). Stakeholders involved 

in the preservation of the Northern Spotted Owl as a species will need to consider the importance 

of conserving this species on public lands, and the cost (both monetarily and ecologically) they 

are willing to pay to prevent the spotted owl from going extinct. There is some indication that the 

removal of barred owls from historic Northern Spotted Owl territories in Northern California has 
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decreased the extinction of spotted owls in the study area (Diller et al. 2016), but there is no 

certainty that this management technique would be as effective on a larger scale or in areas of 

Washington and Oregon where barred owls have been present the longest (Wiens et al. 2016, 

2017). Further, the removal of barred owls from National Park lands may not be compatible with 

some interpretations of the mission of the Park Service. These are factors that managers will 

need to consider when determining next steps in the conservation of the Northern Spotted Owl 

population at Mount Rainier National Park. 

 

SUMMARY 

  Historic Northern Spotted Owl territories at Mount Rainier National Park have 

experienced a 50% decrease in site occupancy since monitoring began in 1997. Average territory 

slope had a positive influence on occupancy dynamics, resulting in higher occupancy rates for 

territories characterized by steeper terrain. There were no significant habitat or territory-specific 

weather variables that explained variations in occupancy dynamics, perhaps because of the 

extent of old-growth forest habitat available across the landscape to spotted owls, and the ability 

of this type of forest structure to regulate oscillations in weather that would otherwise be more 

diverse. Although territories with a history of successful breeding remained consistent breeding 

territories over time, the presence of barred owls negatively affected the probability that an 

unoccupied site, or a site that was occupied without reproduction in the previous year 

transitioned to a site with breeding owls. The population of barred owls has likely increased in 

MRNP since their expansion into Western Washington, but specific density estimates for barred 

owls are unavailable. Barred owls have been at MRNP for over three decades, so there is a 

possibility that their population may be reaching equilibrium, but there are no long-term data to 
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confirm this hypothesis. Mount Rainier National Park contains some of the oldest, intact forest 

habitat available to Northern Spotted Owls in Washington, yet only 18 adult owls were detected 

on the study area in 2016, down from a high of 30 owls in 1998. Territory-specific habitat 

characteristics were not a significant predictor of occupancy, or breeding propensity at MRNP. 

Instead, barred owls appear to be the strongest factor associated with occupancy dynamics of 

spotted owls at Mount Rainier, consistent with other research that has suggested that barred owls 

are out-competing spotted owls across their range (Hamer et al. 2001, Dugger et al. 2011, Wiens 

et al. 2014, Yackulic et al. 2014). The regional extinction of the Northern Spotted Owl through 

competitive exclusion by the barred owl is likely a slow process that could take over six decades 

(Yackulic et al. 2017), but at this point in time few management activities are available to 

ameliorate the impacts of barred owls on spotted owls. The removal of barred owls from historic 

spotted owl areas in California has been positive for local spotted owl populations, but this may 

not be the same on a larger scale, or where barred owls have been present the longest, or in large 

roadless areas like MRNP (Wiens et al. 2016, 2017). The future challenge for managers at Mount 

Rainier National Park, and across the range of the spotted owl, will be seek ways to manage sub-

populations of this endangered species with barred owls pervasive across these same forested 

landscapes.  

 

 

 

 

 

 

 

 

 

 

 

 



38 

 

 

 

 

 

 

 

LITERATURE CITED 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 

 

 

 

Anthony, R.G., E.D. Forsman, A. B. Franklin, et al. 2006. Status and trends in demography of  

 Northern Spotted Owls, 1985–2003. Wildlife Monographs: 1–48.  

 

Antonova, N., C. Copass, and S. Clary. 2014. Landsat-based monitoring of landscape dynamics 

in Mount Rainier National Park: 1985-2009. Natural Resource Data Series 

NPS/NCCN/NRDS— 2014/637. National Park Service, Fort Collins, Colorado.  

 

Arnold, T.W. 2010. Uninformative parameters and model selection using Akaike’s Information 

 Criterion. Journal of Wildlife Management 74: 1175-1178. 

 

Barnes, M.D., I.D. Craigie, N. Dudley, and M. Hockings. 2017. Understanding local-scale 

 drivers of biodiversity outcomes in terrestrial protected areas. Annals of the New York 

 Academy of Science 1399:42-60.  

 

Bart, J., and S. Earnst. 1993. Suitable habitat for Northern Spotted Owls: an update.  In: 

Recovery plan for the Northern Spotted Owl—final draft. U. S. Department of the 

Interior (Appendix B):17-54.  

 

BirdLife International. 2017. Strix occidentalis. The IUCN Red List of Threatened Species 2017:  

e. T22689089A119220243. <http://dx. doi. org/10. 2305/IUCN. UK. 20173. RLTS. 

T22689089A119220243. en>. Accessed April 9, 2018.  

 

Blakesley, J.A., M.E. Seamans, M. M. Conner, A. B. Franklin, et al. 2010. Population dynamics 

 of spotted owls in the Sierra Nevada, California. Wildlife Monographs 174: 1-36.  

 

Buchanan, J.B. 2 016. Periodic status review for the Northern Spotted Owl in Washington. 

 Washington Department of Fish and Wildlife, Olympia, Washington. 22 + iv pp.  

 

Burnham, K.P., and D.R. Anderson. 2002. Model selection and multimodel inference: 

 practical information-theoretical approach. Second edition. Springer-Verlag, New York, 

 New York, USA.  

 

Crawford, R.C., C.B. Chappell, C.C. Thompson, and F.J. Rocchio. 2009. Vegetation 

classification of Mount Rainier, North Cascades, and Olympic National Parks. Natural 

Resource Technical Report NPS/NCCN/NRTR—2009/D-586. National Park Service, 

Fort Collins, Colorado.  

 

Davis, R.J., K.M. Dugger, and S. Mohoric. 2011. Status and trends of Northern Spotted Owl 

 populations and habitats--The first 15 years.  

 

Davis, R.J., B. Hollen, J. Hobson, J. E. Gower, and D. Keenum. 2016. Northwest Forest Plan— 

 the First 20 Years (1994-2013): Status and trends of Northern Spotted Owl habitats.  

 

Diller, L.V., K. A. Hamm, D. A. Early, et al. 2016. Demographic response of northern spotted 

owls to barred owl removal. The Journal of Wildlife Management 80(4): 691–707.  

 

http://dx.doi.org/10.2305/IUCN.UK.20173.RLTS.T22689089A119220243.en
http://dx.doi.org/10.2305/IUCN.UK.20173.RLTS.T22689089A119220243.en


40 

 

 

 

Dubayah, R.O. and J. B. Drake. 2000. Lidar remote sensing for forestry. Journal of Forestry 

98(6): 44-46.  

 

Dugger, K. M., F. Wagner, R. G. Anthony, and G. S. Olson. 2005. The relationship between 

 habitat characteristics and demographic performance of Northern Spotted Owls in 

 Southern Oregon. The Condor 107(4): 863–878.  

 

Dugger, K.M., R.G. Anthony, and L.S. Andrews. 2011. Transient dynamics of invasive 

competition: barred owls, spotted owls, habitat, and the demons of competition present.  

Ecological Applications 21(7): 2459–2468.  

 

Dugger, K.M., E.D. Forsman, A. B. Franklin, et al. 2016. The effects of habitat, climate, and 

barred owls on long-term demography of Northern Spotted Owls. The Condor 118(1): 

57–116.  

 

Forsman, E.D., E.C. Meslow, and H.M. Wright. 1984. Distribution and biology of the Spotted 

Owl in Oregon. The Wildlife Society Wildlife Monographs No. 87.  

 

Forsman, E.D. 2005. Home range and habitat use of Northern Spotted Owls on the Olympic 

 Peninsula, Washington. Journal of Raptor Research 39(4): 365–377.  

 

Forsman, E.D., R.G. Anthony, K. M. Dugger, E. M. Glenn, G. C. White, C. J. Schwartz, K. P.  

 Burnham, D. R. Anderson, J. E. Nichols, J. E. Hines, et al.  2011. Population demography  

 of Northern Spotted Owls.  Studies in Avian Biology 40.  

 

Franklin, A.B., E.D. Forsman, K. P. Burnham, and F. W. Wagner. 1996. Methods for collecting  

and analyzing demographic data on the Northern Spotted Owl.  Studies in Avian Biology  

17:12-20.  

 

Franklin, J.F., W.H. Moir, M.A. Hemstrom, S.E. Greene, and B.G. Smith. 1988. The forest 

 communities of Mount Rainier National Park. Scientific Monograph Series No. 19. U.S. 

 Department of Interior, Washington, D.C. 

 

Franklin, A.B., D.R. Anderson, R.J. Gutierrez, and K.P. Burnham. 2000. Climate, habitat 

 quality, and fitness in Northern Spotted Owl populations in Northwestern California.  

 Ecological Monographs 70(4): 539–590.  

 

George, D.R. 1999. Habitat use by Strix species in Mount Rainier National Park. Mount Rainier 

 National Park, unpublished. 

 

Glenn, E.M., R.G. Anthony, and E.D. Forsman. 2010. Population trends in northern spotted 

 owls: associations with climate in the Pacific Northwest. USDA Forest Service.  

Biological Conservation 143: 2543-2552.  

Glenn, E.M., R.G. Anthony, E.D. Forsman, and G.S. Olson. 2011a. Reproduction of 

 Northern Spotted Owls: the role of local weather and regional climate. The Journal of 

 Wildlife Management 75(6): 1279–1294.  



41 

 

 

 

Glenn, E.M., R.G. Anthony, E.D. Forsman, and G.S. Olson. 2011b. Local weather, 

 regional climate, and annual survival of the Northern Spotted Owl. The Condor 113(1): 

 159–176.  

 

Gremel, S. 2005. Factors controlling distribution and demography of Northern Spotted Owls in a 

 reserved landscape.  M. S. thesis, University of Washington, Seattle, Washington, USA.   

 

Gutierrez, R.J., M. Cody, S. Courtney, A. B. Franklin. 2007. The invasion of the barred owl and 

its potential effect on the spotted owl: a conservation conundrum.  Biological Invasions 9: 

181-196.  

 

Hamer, T., D. Hays, C.M. Senger, E.D. Forsman. 2001. Diets of northern barred owls and

 Northern Spotted Owls in an area of sympatry. Journal of Raptor Research 35(3): 221-

 227.  

 

Hamer, T., E.D. Forsman, and E.M. Glenn. 2007. Home range attributes and habitat selection of  

barred owl and Northern Spotted Owl in an area of sympatry. The Condor 109 (4): 750-

768.  

 

Hemstrom, M.A. and J.F. Franklin. 1982. Fire and other disturbances of the forests at Mount 

 Rainier National Park.  Quaternary Research (18): 32-51.  

 

Hershey, K.T., E.C. Meslow, and F.L. Ramsey. 1998. Characteristics of forests at spotted owl 

 nest sites in the Pacific Northwest. The Journal of Wildlife Management 62(4): 1398–

 1410. 

 

Herter, D.R., L. Hicks, H.C. Stabins, J.J. Millspaugh, et al. 2002. Roost site characteristics of 

 Northern Spotted Owls in the nonbreeding season in Central Washington. Forest Science 

 48 (2): 437-444.  

 

Herter, D.R. and L.L. Hicks. 2000. Barred owl and spotted owl populations and habitat in the 

 central Cascade Range of Washington. Journal of Raptor Research 34(4): 279-286. 

 

Hoffman, M., C. Hilton-Taylor., A. Angulo, et al. 2010. The impact of conservation on the status 

 of the world’s vertebrates. Science 330(6010): 1503-1509. 

 

Kane, V.R., J.D. Bakker, R.J. McGaughey, J.A. Lutz, et al. 2010. Examining conifer canopy 

 structural complexity across forest ages and elevation with LiDAR data. Canadian 

 Journal of Forest Research 40: 774-787. 

 

Kroll, A.J., T.L. Fleming, and L.L. Irwin. 2010. Site occupancy dynamics of Northern Spotted 

Owls in the Eastern Cascades, Washington, USA, 1990–2003. The Journal of Wildlife 

Management  74(6): 1267–1274.  

 

LaHaye, W.S., and R.J. Gutiérrez.  1999.  Nest sites and nesting habitat of the Northern 

 Spotted Owl in Northwestern California. The Condor 101(2): 324–330. 



42 

 

 

 

Lefsky, M.A., W.B. Cohen, S.A. Acker, et al. 1999. Lidar remote sensing of the canopy 

 structure and biophysical properties of Douglas-Fir Western Hemlock Forests. Remote 

 Sensing of the Environment 70: 339-361.  

 

Livezey, K.B. 2009. Range expansion of barred owls, part 1: chronology and distribution. The 

 American Midland Naturalist, 161(1):49-56. 

 

MacKenzie, D.I., J.D. Nichols, M.E. Seamans, and R.J. Gutierrez. 2009. Modeling species

 occurrence dynamics with multiple states and imperfect detection. Ecology 90(3): 823- 

 835.  

 

Moir, W.H., F.D. Hobson, M. Hemstrom, and J.F. Franklin. 1977. Forest ecosystems of Mount 

 Rainier National Park. Mount Rainier National Park. 

 

Nichols, J.D., J.E. Hines, D.I. MacKenzie, M.E. Seamans, and R.J. Gutierrez. 2007. Occupancy 

 estimation with multiple states and state uncertainty. Ecology 88: 1395-4000. 

 

Olson, G.S., E.M. Glenn, R.G. Anthony, et al. 2004. Modeling demographic performance of 

 Northern Spotted Owls relative to forest habitat in Oregon. The Journal of Wildlife 

 Management 68(4): 1039–1053.  

 

Olson, G.S., R.G. Anthony, E.D. Forsman, et al. 2005. Modeling of site occupancy dynamics 

 for Northern Spotted Owls, with emphasis on the effects of barred owls. The Journal of 

 Wildlife Management 69(3): 918–932.  

 

Pearson, R.R. and K.B. Livezey. 2007. Spotted owls, barred owls, and late-successional reserves. 

 Journal of Raptor Research 41(2): 156-161. 

 

Pimm, S.L., C.N. Jenkins, R. Abell, et al. 2014. The biodiversity of species and their rates of  

 extinction, distribution and protection. Science 344 (6187): 1246752.  

 

Reid, J.A., R.B. Horn, and E.D. Forsman. 1999. Detection rates of spotted owls based on 

 acoustic-lure and live-lure surveys. Wildlife Society Bulletin 27: 986-990. 

 

Rockweit, J.T., A.B. Franklin, G.S. Bakken, and R. J. Gutiérrez. 2012.  Potential  

 influences of climate and nest structure on spotted owl reproductive success: a 

 biophysical approach. PLoS ONE 7(7): e41498. 

 

Singleton, P.H., J.F. Lehmkuhl, W.L. Gaines, and S. A. Graham. 2010. Barred Owl space use 

 and habitat selection in the Eastern Cascades, Washington. The Journal of  Wildlife 

 Management 74(2): 285–294.  

 

Sovern, S.G, E.D Forsman, G.S. Olson, et al. 2014. Barred owls and landscape attributes 

 influence territory occupancy of Northern Spotted Owls. The Journal of Wildlife  

 Management 78(8): 1436–1443.  

 



43 

 

 

 

Sovern, S.G., E.D. Forsman, K.M. Dugger, and M. Taylor. 2015. Roosting habitat use and 

 selection by Northern Spotted Owls during natal dispersal. The Journal of Wildlife 

 Management 79(2): 254–262.  

 

Spies, T.A., and J.F. Franklin. 1991. The structure of natural young, mature, and old-growth 

  Douglas-fir forests in Oregon and Washington.  In: Ruggiero, L.F., K.B. Aubry, A.B.  

Carey,  and M.H. Huff.  Wildlife and vegetation of unmanaged Douglas-fir forests.  

General Technical Report PNW-GTR-285.  Portland, OR; U.S. Department of  

Agriculture, Forest Service, Pacific Northwest Research Station: 91-109. 
 

Stoelting, R.E., R.J. Gutierrez, W. L. Kendall, and M. Z. Peery. 2015. Life-history tradeoffs 

 and reproductive cycles in Spotted Owls. The Auk 132(1): 46-64.  

 

United States Congress. 1973. Endangered Species Act of 1973. US Congress: 16:1531-1544, 87 

 Stat. 884.  

 

United States Department of the Interior. 1916. Organic Act of 1916. 16 U. S. C. l 2 3, and 4.  

Washington D. C., USA.  

 

United States Department of the Interior. National Park Service Overview. January 2017. 

 <https://www. nps. gov/aboutus/news/upload/NPS-Overview-12-05-17. pdf>. Accessed  

 January 2017.  

 

United States Fish and Wildlife Service. 2011a. USFWS revised recovery plan for the northern 

 spotted owl. USFWS.  

 

United States Fish and Wildlife Service. 2011b. Protocol for surveying proposed management 

  activities that may impact Northern Spotted Owls. USFWS.  

 

USDA Forest Service and USDI Bureau of Land Management. 1994. Final supplemental impact 

statement on management of habitat for late-successional and old-growth forest related 

species within the range of the Northern Spotted Owl. USDA Forest Service and USDI 

Bureau of Land Management, Portland, OR, USA.  

 

United States Fish and Wildlife Service. 1990. Endangered and threatened wildlife and plants:  

 determination of threatened status for the Northern Spotted Owl. Federal Register 

 55:26114-26194.  

 

Vierling, K.T., L.A. Vierling, W.A. Gould, S. Martinuzzi, and R.M. Clawges. 2008. Lidar: 

shedding new light on habitat characterization and modeling. Frontiers in Ecology and 

the Environment 6(2): 90-98.  

 

Vierling, K.T., C.E. Swift, AT. Hudak, J.C. Vogeler, and L.A. Vierling. 2014. How much does 

 the time lag between wildlife field-data collection and LiDAR-data acquisition matter for 

 studies of animal distributions? A case study using bird communities. Remote Sensing 

 Letters Vol. 5 (2): 185-193.  

https://www.nps.gov/aboutus/news/upload/NPS-Overview-12-05-17.pdf


44 

 

 

 

Vogeler, J.C., A.T. Hudak, L.A. Vierling, and K.T. Vierling. 2013. Lidar-derived canopy 

 architecture predicts brown creeper occupancy of two western coniferous forests. The 

 Condor 115(3): 614–622.  

 

Watson, J.E.M., N. Dudley, D.B. Segan, and M. Hockings. 2014. The performance and 

 potential of protected areas. Nature 515: 67-73.  

 

Wehr, A. and U. Lohr. 1999. Airborne laser scanning: an introduction and overview. ISPRS 

Journal of Photogrammetry and Remote Sensing 54(2-3): 68-82.  

 

White, G.C. and K.P. Burnham. 1999. Program MARK: survival estimation from populations 

of marked animals. Bird Study 46 Supplement:120-138.  

 

Wiens, D.J., R.G. Anthony, and E.D. Forsman. 2011. Barred owl occupancy surveys within the 

 range of the Northern Spotted Owl. The Journal of Wildlife Management 75(3): 531–538.  

 

Wiens, D.J., R G. Anthony, and E.D. Forsman. 2014. Competitive interactions and resource 

 partitioning between Northern Spotted Owls and barred owls in Western Oregon. 

 Wildlife Monographs 185(1): 50.  

 

Wiens, J.D., Dugger, K.M., Lewicki, K.E., and Simon, D.C. 2016. Effects of experimental 

 removal of barred owls on population demography of Northern Spotted Owls in 

 Washington and Oregon—2015 progress report: U.S. Geological Survey Open-File 

 Report 2016-1041, 16 p., http://dx.doi.org/10.3133/ofr20161041. 

 

Wiens, J.D., Dugger, K.M., Lewicki, K.E., and Simon, D.C. 2017. Effects of experimental 

 removal of barred owls on population demography of Northern Spotted Owls in 

 Washington and Oregon—2016 progress report: U.S. Geological Survey Open-File 

 Report 2017-1040, 23 p., https://doi.org/10.3133/ofr20171040. 

 

Wu, J.X., C.B. Wilsey, L. Taylor, and G.W. Schuurman. 2018. Projected avifaunal responses 

 to climate change across the U. S. National Park System. PLoS ONE 13(3): e0190557.  

 

Yackulic, C.B., J. Reid, R. Davis, et al. 2012. Neighborhood and habitat effects on vital rates: 

 expansion of the barred owl in the Oregon coast ranges. Ecology 93(8): 1953–66.  

 

Yackulic, C.B., J. Reid, J.D. Nichols, et al. 2014. The roles of competition and habitat in the 

 dynamics of populations and species distributions. Ecology 95(2): 265–279.  

 

Yackulic, C.B. 2017. Competitive exclusion over broad spatial extents is a slow process:  

 evidence and implications for species distribution modeling.  

 

 

 

 

 

http://dx.doi.org/10.3133/ofr20161041
https://doi.org/10.3133/ofr20171040


45 

 

 

 

Figure 1. Map of the 11 Northern Spotted Owl demography areas in the Pacific Northwest. 

Light green is non-federal land and dark green is federal land. Mount Rainier National Park 

(MRNP) is included in the larger Rainier DSA labeled as 2 on the map, and the boundary of 

MRNP has been highlighted in red to indicate the size of the study area in comparison to the 

larger demography area.  

 
Map: Dugger et al. 2016 
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Figure 2. Proportion of territories surveyed with barred owl and Northern Spotted Owl 

detections (i.e., naïve occupancy) at Mount Rainier National Park 1997-2016.  
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



47 

 

 

 

Figure 3. The study area below 1,524 meters (5,000 feet) elevation where the 36 Northern 

Spotted Owl territories are found at Mount Rainier National Park. Dark line is park boundary.  
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Figure 4. Estimates with 95% confidence limits for occupancy transition probabilities for 

Northern Spotted Owl territories for sites previously unoccupied (𝜓𝑡+1
0 ) and occupied without 

breeding (𝜓𝑡+1
1 ) from the best multi-state, multi-season occupancy model for Northern Spotted 

Owls in Mount Rainier National Park (1997-2016) [𝜑(𝑑𝑜𝑡), 𝑅(0=1,2)(𝐵𝑂 + 𝑆𝑇𝐸𝑁), 

𝜓(0,1,2)(𝑙𝑛𝑇 + 𝑆𝐿),  𝑝(1,2)(𝑑𝑜𝑡, 𝑇), 𝛿(𝑅𝑅 + 𝐵𝑂, 𝑙𝑛𝑇)]. Model covariates include the additive 

effects of state (0=unoccupied, 1=occupied with no reproduction, 2=occupied with 

reproduction), a pseudo-threshold time trend (lnT), and slope (SL) on occupancy transition 

probabilities (𝜓𝑡+1
𝑚 ); the additive effects of state (0=1,2), detection of barred owls (BO) and early 

nest study area temperatures (STEN) on the probability that a site becomes occupied by breeding 

birds (𝑅𝑡+1
𝑚 ); reproductive rate (RR), and detection of barred owls between years, and a pseudo-

threshold trend (lnT) within years on the probability that reproduction is detected when it occurs 

on an occupied site (𝛿𝑖𝑗);  and a pseudo-threshold trend in the probability of detecting spotted 

owls when they are present within states(𝑝𝑖𝑗
𝑚).  
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Figure 5. Estimates with 95% confidence limits for occupancy transition probabilities for 

Northern Spotted Owl territories for sites previously a) unoccupied (𝜓𝑡+1
0 ) and b) occupied 

without breeding (𝜓𝑡+1
1 ) relative to territory slope for Northern Spotted Owl territories on MRNP 

in 2016. Estimates are from the best multi-state, multi-season occupancy model including the 

additive effects of state (0=unoccupied, 1=occupied, 2=occupied with reproduction), a pseudo-

threshold trend (𝑙𝑛𝑇), and slope (𝑆𝐿) on occupancy transition probabilities (𝜓𝑡+1
𝑚 ); state (0=1,2), 

detection of barred owls (𝐵𝑂) and early nest study area temperatures (𝑆𝑇𝐸𝑁) on the probability 

that a site becomes occupied by breeding birds (𝑅𝑡+1
𝑚 ); reproduction rate (𝑅𝑅), detection of 

barred owls, and a pseudo-threshold trend on the probability that reproduction is detected when it 

occurs on an occupied site (𝛿𝑖𝑗); and a pseudo-threshold trend within years on the probability of 

detecting spotted owls when they are present within states (𝑝𝑖𝑗
𝑚) [𝜑(𝑑𝑜𝑡), 𝑅(0=1,2)(𝐵𝑂 +

𝑆𝑇𝐸𝑁), 𝜓(0,1,2)(𝑙𝑛𝑇 + 𝑆𝐿),  𝑝(1,2)(𝑑𝑜𝑡, 𝑇), 𝛿(𝑅𝑅 + 𝐵𝑂, 𝑙𝑛𝑇)]. 

(a). 
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(b). 
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Figure 6. Estimates with 95% confidence limits of the probability of a site becoming occupied 

with reproduction (𝑅𝑡+1
𝑚 ) relative to occupancy state in the previous year (𝑅𝑡+1

0=1: unoccupied (0) 

=occupied with no reproduction (1); 𝑅𝑡+1
2 : occupied with reproduction (2)) for Northern Spotted 

Owl territories on Mount Rainier National Park. Estimates are from the best multi-state, multi-

season occupancy model including the additive effects of state (0,1,2), a pseudo-threshold trend 

(𝑙𝑛𝑇), and slope (𝑆𝐿) on occupancy transition probabilities (𝜓𝑡+1
𝑚 ); state (0=1,2) and additive 

effects of the detection of barred owls (𝐵𝑂), and early nest study area temperatures (𝑆𝑇𝐸𝑁) on 

the probability that a site becomes occupied by breeding birds (𝑅𝑡+1
𝑚 ); reproductive rate (𝑅𝑅),and 

detection of barred owls between years, and a pseudo-threshold trend (𝑙𝑛𝑇) within years on the 

probability that reproduction is detected when it occurs on an occupied site(𝛿𝑖𝑗); and a pseudo-

threshold trend within year and by state on the probability of detecting spotted owls when they 

are present (𝑝𝑖𝑗
𝑚) [𝜑(𝑑𝑜𝑡), 𝑅(0=1,2)(𝐵𝑂 + 𝑆𝑇𝐸𝑁), 𝜓(0,1,2)(𝑙𝑛𝑇 + 𝑆𝐿), 𝑝(1,2)(𝑑𝑜𝑡, 𝑇), 𝛿(𝑅𝑅 +

𝐵𝑂, 𝑙𝑛𝑇)]. 
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Figure 7. Estimates with 95% confidence limits of the probability of a site becoming occupied 

with reproduction (𝑅𝑡+1
𝑚 ) relative to occupancy state in the previous year [a) 𝑅𝑡+1

0=1: unoccupied 

(0) =occupied with no reproduction (1); b) 𝑅𝑡+1
2 : occupied with reproduction (2)], whether or not 

barred owls (𝐵𝑂) were detected, and mean minimum temperatures during the early nest season 

(𝑆𝑇𝐸𝑁) for Northern Spotted Owl territories on Mount Rainier National Park. Estimates are 

from the best multi-state, multi-season occupancy model including the additive effects of state 

(0,1,2), a pseudo-threshold trend (𝑙𝑛𝑇), and slope (𝑆𝐿) on occupancy transition probabilities 

(𝜓𝑡+1
𝑚 ); detection of barred owls (𝐵𝑂), and early nest study area temperatures (𝑆𝑇𝐸𝑁) on the 

probability that a site becomes occupied by breeding birds (𝑅𝑡+1
𝑚 ); reproductive rate (𝑅𝑅), 

detection of barred owls , and a pseudo-threshold trend on the probability that reproduction is 

detected when it occurs on an occupied site (𝛿𝑖𝑗); and a pseudo-threshold trend within year and 

by state on the probability of detecting owls when they are present (𝑝𝑖𝑗
𝑚) [𝜑(𝑑𝑜𝑡), 𝑅(0=1,2)(𝐵𝑂 +

𝑆𝑇𝐸𝑁), 𝜓(0,1,2)(𝑙𝑛𝑇 + 𝑆𝐿), 𝑝(1,2)(𝑑𝑜𝑡, 𝑇), 𝛿(𝑅𝑅 + 𝐵𝑂, 𝑙𝑛𝑇)]. 

 

(a). 
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(b.) 
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Figure 8. Annual estimates of territory occupancy regardless of reproductive state with 95% 

confidence limits for Northern Spotted Owls in Mount Rainier National Park from 1997-2016 

from the best multi-state, multi-season occupancy model [𝜑(𝑑𝑜𝑡), 𝑅(0=1,2)(𝐵𝑂 + 𝑆𝑇𝐸𝑁),  

𝜓(0,1,2)(𝑙𝑛𝑇 + 𝑆𝐿), 𝑝(1,2)(𝑑𝑜𝑡, 𝑇), 𝛿(𝑅𝑅 + 𝐵𝑂, 𝑙𝑛𝑇)]. Model covariates include the additive 

effects of previous state (0=unoccupied, 1=occupied with no reproduction, 2=occupied with 

reproduction), a pseudo-threshold trend (𝑙𝑛𝑇), and slope (𝑆𝐿) on occupancy transition 

probabilities (𝜓𝑡+1
𝑚 ); detection of barred owls (𝐵𝑂), and early nest study area temperatures 

(𝑆𝑇𝐸𝑁) on the probability that a site becomes occupied by breeding birds (𝑅𝑡+1
𝑚 ); reproductive 

rate (𝑅𝑅), and detection of barred owls between years, and a pseudo-threshold trend within years 

on the probability that reproduction is detected when it occurs on an occupied site (𝛿𝑖𝑗); and a 

pseudo-threshold trend in the probability of detecting owls when they are present within states 

(𝑝𝑖𝑗
𝑚). 
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Figure 9. Annual occupancy rates (𝜓𝑡+1
𝑚 ) with 95% confidence limits for sites occupied by non-

breeding (𝜓(1)) and breeding (𝜓(2)) Northern Spotted Owls on MRNP from 1997-2016 derived 

from the best multi-state, multi-season occupancy model [𝜑(𝑑𝑜𝑡), 𝑅(0=1,2)(𝐵𝑂 + 𝑆𝑇𝐸𝑁), 

𝜓(0,1,2)(𝑙𝑛𝑇 + 𝑆𝐿), 𝑝(1,2)(𝑑𝑜𝑡, 𝑇), 𝛿(𝑅𝑅 + 𝐵𝑂, 𝑙𝑛𝑇)]. Model covariates include the additive 

effects of previous state (0=unoccupied, 1=occupied but no reproduction, 2=occupied with 

reproduction), a pseudo-threshold trend (𝑙𝑛𝑇), and slope (𝑆𝐿) on occupancy transition 

probabilities (𝜓𝑡+1
𝑚 ); detection of barred owls (𝐵𝑂) and early nest study area temperatures 

(𝑆𝑇𝐸𝑁) on the probability that a site becomes occupied by breeding (𝑅𝑡+1
𝑚 ); reproductive rate 

(𝑅𝑅), and detection of barred owls between years, and a pseudo-threshold trend within years on 

the probability that reproduction is detected when it occurs on an occupied site (𝛿𝑖𝑗); and a 

pseudo-threshold trend in the probability of detecting owls when they are present within states 

(𝑝𝑖𝑗
𝑚). 
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Table 1. Parameter notation and definitions for multi-state, multi-season conditional occupancy 

 model   
 

Parameter Definition 

𝜑 
Initial occupancy 𝜓0  and probability of reproduction (𝑅0) at beginning of 

study  

𝑝 1 
Probability that occupancy is detected at site i, during visit j, when there is 

no evidence of reproduction 

𝑝 2 
Probability that occupancy is detected at site i, during visit j, when there is 

evidence of reproduction 

δ 
Probability of observing the “true state” of reproduction, given that the site 

is occupied by breeding owls 

𝜓𝑡+1
0

 
Probability that an unoccupied site in year t becomes occupied (single or 

pair) in year t+1 

𝜓𝑡+1
1  

Probability that a site remains occupied (nesting may or may not occur) in 

t+1 given it was currently occupied without reproduction in t. 

𝜓𝑡+1
2

 
Probability that a territory remains occupied (single or a pair) in t+1 given 

that it was currently occupied with reproduction in t 

𝑅𝑡+1
0

 
Probability that an unoccupied site in year t is occupied by breeding owls in 

year t+1  

𝑅𝑡+1
1  Probability that an occupied site in season t is occupied by breeding owls in 

year t+1  

𝑅𝑡+1
2  

Probability that a site occupied by breeding owls in season t will remain 

occupied in year t+1  
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Table 2. LiDAR metrics collected in 2008 and 2009 at MRNP, and analyzed in 2017, that were 

used to characterize habitat in historic Northern Spotted Owl territories at MRNP (all discrete, 

first return LiDAR).  

 

 

  

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LiDAR 
Metric 

Unit Definition 

Upper 

Strata 

Density 

% 

Proportion of first returns in upper height strata 

(percent cover above 30m (100 ft) w/i a pixel) 

Rumple 

Index 
Index : ~0-10 

The ruggedness of the canopy/structure 

Topography 

Slope=Degrees 

Elevation=meters 

Aspect=degrees 

Slope, elevation, and aspect of landscape 

Height Meters 
Mean tree height of first returns above 1 meter 

Canopy 

Cover 
% 

Proportion of tree canopy cover > 2 meters  

(2m threshold also reduces “noise” from ground 

and shrub/understory returns) 
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Table 3. Individual covariates, with acronyms, and predicted associations with multi-state, 

multi-season occupancy dynamics parameters for Northern Spotted Owls at Mount Rainier 

National Park 1997-2016. Model parameters include the probability of detecting occupancy 

within years (j) and across years (i) by state (𝑝𝑖𝑗
𝑚), the probability of detecting reproduction when 

it occurs within years and across years (𝛿𝑖𝑗), the probability of becoming occupied in year t+1 

when previously in state m in year t (𝜓𝑡+1
𝑚 ), and the probability of becoming occupied with 

breeding in year t+1 when previously in state m in year t (𝑅𝑡+1
𝑚 ).  

 

Acronym Covariate Name 𝑝.𝑗
𝑚 𝑝𝑖.

𝑚 𝛿 𝜓𝑡+1
𝑚  𝑅𝑡+1

𝑚  

BO Barred owl - - - - - 

TLEN or W 

Local minimum 

temperature (iButton 

90m resolution) 

NA NA NA 
High temp + 

Low temp  - 

High temp + 

Low temp  - 

STEN or W 

Minimum temperature 

across MRNP study 

area <1,524 m. 

(PRISM data) 

NA NA NA 
High temp + 

Low temp  - 

High temp + 

Low temp  - 

TEN or W 

Minimum temperature 

at each territory for 

each time period 

(PRISM data) 

NA NA NA 
High temp + 

Low temp  - 

High temp + 

Low temp  - 

SPEN or W 

Precipitation across 

MRNP Study area each 

year <1,524m 

(PRISM data) 

NA NA NA 
High prec - 

Low prec + 

High prec - 

Low prec + 

PEN or W 

Precipitation at each 

territory for each time 

period 

(PRISM data) 

NA NA NA 
High prec -

Low prec + 

High prec - 

Low prec + 

RP Rumple index mean NA NA NA + + 

C Canopy mean NA NA NA + + 

US Upper strata mean NA NA NA + + 

EL 
Elevation mean 

NA NA NA - NA 

SL 
Slope mean 

NA NA NA + NA 

AS 
Aspect mean 

NA NA NA 
South + 

North  - 
NA 

EO Even-Odd year pattern NA NA NA NA + 

RR 

Reproduction rate 

across all study areas 

for each year 

NA NA + NA NA 
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Table 4. Model selection results for the 10 best models for estimating occupancy dynamics of 

Northern Spotted Owls at Mount Rainier National Park 1997-2016. Model covariates include 

annual variation (Yr), pseudo-threshold (lnT) and quadratic time trends (TT), aspect (AS), study 

area minimum temperature during early nesting (STEN), SPW =Study area precipitation each 

year, detection of barred owls (BO), and an even-odd cyclic temporal pattern between years 

(EO). Models are ranked according to the Akaike Information Criterion adjusted for small 

sample-sizes (AICc) and AICc (the difference between other model AIC’s), the number of 

parameters (K), model deviance, and Akaike weights (𝑤𝑖) are also included for each model. The 

best structure on initial occupancy (φ(𝑚)), probability of becoming occupied 𝜓𝑡+1
𝑚 , detection 

(𝑝𝑖𝑗
𝑚), and detecting true reproduction when present (𝛿𝑖𝑗), were retained from previous model 

runs for each parameter [ 𝜑(𝑑𝑜𝑡),  𝜓(0,1,2)(𝑙𝑛𝑇 + 𝑆𝐿),  𝑝(1,2)(𝑑𝑜𝑡, 𝑇), 𝛿(𝑅𝑅 + 𝐵𝑂, 𝑙𝑛𝑇)].  
 

 

Model                                                 AICc           wi          K           Deviance 

𝑅(0=1,2+)(𝐵𝑂 + 𝑆𝑇𝐸𝑁)  0.00 0.81 17 1994.46 

𝑅(0=1,2+)(𝑆𝑇𝐸𝑁)       4.27 0.10 16 2000.86 

𝑅(0=1,2+)(𝑆𝑃𝑊)     7.46 0.02 16 2004.04 

𝑅(0=1,2+)(𝐵𝑂 + 𝑌𝑟)   8.10 0.01 34 1965.32 

𝑅(0=1,2+)(𝐸𝑂)      8.60 0.01 16 2005.18 

𝑅(0=1,2+)(𝐵𝑂)       9.27 0.01 16 2005.85 

𝑅(0=1,2+)(𝑌𝑟)       9.45 0.01 33 1968.93 

𝑅(0=1,2+)(𝑇𝑇)       9.70 0.01 17 2004.16 

𝑅(0=1,2+)(𝐴𝑆)       10.02 0.01 16 2006.60 

𝑅(0=1,2+)(𝑙𝑛𝑇)     10.33 0.00 16 2006.91 
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Table 5. Habitat variable statistics for all land below 1,524 m (5,000 ft) at MRNP defined as 

“available” to Northern Spotted Owl use, including historic territorial polygons. Statistics were 

obtained from the zonal statistics tools in ArcGIS 10. 4 that summarizes the mean of each 

LiDAR habitat variable calculated using all 30x30-meter pixels that are ≤1,524m.  

 

Habitat Covariate Mean Min Max STD 

Rumple Index 3. 29 -0. 08 9. 48 1. 17 

Canopy Cover (%) 79. 02 0 100 24. 71 

Upper Strata (%) 26. 22 0 99. 68 25. 88 

Mean Height (m) 21. 48 0 82. 39 10. 06 
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Table 6. Means plus standard errors (SE) in parentheses of habitat characteristic for all 36 

historic Northern Spotted Owl territories on Mount Rainier National Park (1997-2016). Overall 

mean and standard deviation (SD) of habitat across all territories, territories that have never had 

owls breeding on them (highlighted territories, n=14), and territories that have had ≥1 year of 

breeding (n=22) are included for comparison at the bottom of the table. Statistics were obtained 

from the zonal statistics tools in ArcGIS 10. 4 that summarizes the mean of each LiDAR habitat 

variable by using all 30-meter pixels that fall within the boundaries of each Northern Spotted 

Owl territory. 

Spotted Owl Site 
Rumple 

Index 

Canopy 

Cover % 
Upper Strata % 

Mean Height 

(m) 

Site 1 
3.29 

 (0.01) 

86.27  

(0.17) 

28.98 

(0.21) 

23.30  

(0.07) 

Site 2 
4.34  

(0.01) 

85.74  

(0.18) 

27.33 

(0.19) 

22.93  

(0.06) 

Site 3 
2.77 

 (0.01) 

77.35 

(0.26) 

28.20 

(0.27) 

21.43 

(0.10) 

Site 4 
3.00   

(0.02) 

68.84 

 (0.35) 

12.82  

(0.19) 

15.32  

(0.10) 

Site 5 
2. 80  

(0.01) 

76.90  

(0.25) 

25. 68  

(0.24) 

20. 41 

(0.09) 

Site 6 
2.93 

 (0.01) 

83.22  

(0.23) 

21.60  

(0.22) 

19.92 

(0.08) 

Site 7 
3.51 

 (0.01) 

68.45  

(0.21) 

16.26 

(0.15) 

17.18 

(0.07) 

Site 8 
3.74 

 (0.01) 

69.12 

(0.21) 

18.07 

(0.16) 

18.40 

(0.07) 

Site 9 
3.48 

(0.01) 

73.33 

(0.19) 

19.97 

(0.17) 

19.54 

(0.07) 

Site 10 
3.40 

(0.01) 

86.40 

(0.20) 

27.35 

(0.28) 

21.82 

(0.10) 

Site 11 
3.43 

(0.01) 

84.53 

(0.23) 

41.83 

(0.28) 

26.47 

(0.11) 

Site 12 
2.91 

(0.01) 

68.80 

(0.25) 

23.60 

(0.21) 

19.01 

(0.09) 

Site 13 
3.04 

(0.01) 

83.78 

(0.21) 

40.06 

(0.25) 

26.03 

(0.10) 

Site 14 
2.78 

(0.01) 

84.13 

(0.20) 

39.06 

(0.31) 

26.09 

(0.11) 

Site 15 
2.91 

(0.01) 

69.50 

(0.33) 

19.31 

(0.22) 

18.21 

(0.10) 

Site 16 
2.99 

(0.01) 

85.93 

(0.24) 

25.95 

(0.27) 

22.29 

(0.09) 

Site 17 3.25 

(0.01) 

84.55 

(0.19) 

36.43 

(0.28) 

25.27 

(0.09) 
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Site 18 
3.05 

(0.01) 

76.75 

(0.22) 

27.34 

(0.18) 

21.10 

(0.08) 

Site 19 
2.89 

(0.01) 

68.98 

(0.31) 

20.46 

(0.27) 

17.46 

(0.12) 

Site 20 
3.90 

(0.01) 

86.05 

(0.13) 

40.84 

(0.22) 

27.96 

(0.08) 

Site 21 
4.21 

(0.01) 

84.57 

(0.18) 

26.10 

(0.21) 

22.35 

(0.08) 

Site 22 
3.23 

(0.01) 

77.50 

(0.26) 

13.91 

(0.18) 

17.72 

(0.08) 

Site 23 
2.77 

(0.01) 

57.70 

(0.29) 

8.78 

(0.13) 

13.86 

(0.08) 

Site 24 
2.85 

(0.02) 

89.60 

(0.39) 

41.14 

(0.61) 

26.56 

(0.20) 

Site 25 
3.23 

(0.02) 

76.99 

(0.39) 

22.17 

(0.36) 

20.72 

(0.13) 

Site 26 
3.14 

(0.01) 

86.82 

(0.14) 

26.81 

(0.20) 

22.12 

(0.07) 

Site 27 
3.81 

(0.01) 

89.25 

(0.19) 

44.54 

(0.36) 

27.58 

(0.11) 

Site 28 
3.58 

(0.01) 

73.64 

(0.22) 

18.45 

(0.17) 

18.84 

(0.07) 

Site 29 
3.42 

(0.01) 

84.55 

(0.18) 

31.44 

(0.22) 

23.98 

(0.08) 

Site 30 
3.41 

(0.01) 

77.76 

(0.21) 

23.77 

(0.21) 

21.34 

(0.08) 

Site 31 
3.23 

(0.01) 

73.93 

(0.22) 

18.80 

(0.19) 

19.70 

(0.07) 

Site 32 
2.63 

(0.01) 

49.89 

(0.34) 

12.18 

(0.21) 

13.62 

(0.10) 

Site 33 
3.13 

(0.01) 

84.79 

(0.20) 

31.03 

(0.31) 

22.69 

(0.11) 

Site 34 
2.90 

(0.01) 

68.21 

(0.29) 

14.60 

(0.20) 

16.45 

(0.09) 

Site 35 
3.38 

(0.01) 

80.61 

(0.25) 

23.10 

(0.21) 

20.66 

(0.08) 

Site 36 
3.13 

(0.01) 

74.23 

(0.27) 

16.78 

(0.20) 

18.30 

(0.08) 

Mean (all territories) 
3.23 

(SD=0.40) 

77.74 

(SD=8.90) 

21.02 

(SD=9.18) 

25.41 

(SD=3.65) 

Mean for territories that 

have never reproduced 

(n=14) 

3.26 

(SD=0.27) 

80.17 

(SD=6.67) 

26.97 

(SD=8.75) 

21.88 

(SD=3.06) 

Mean for all territories 

with ≥1 season of 

reproduction (n=22) 

3.22 

(SD=0.46) 

76.19 

(SD=9.76) 

24.41 

(SD=9.31) 

20.47 

(SD=3.89) 
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APPENDIX A 

 

Figure A. Correlation matrix of weather, microclimate, and habitat covariates used in occupancy 

analysis. Red indicates a positive correlation and blue indicated a negative correlation. Acronyms 

for covariates are as follows: TLEN and TLW=mean minimum temperature during early nest 

and winter season at owl territories. TEN and TW=mean minimum temperature during early nest 

and winter seasons at all 36 owl territories for all years 1997-2016, PEN and PW=mean 

minimum precipitation (mm) during early nest and winter seasons at all 36 owl territories for all 

years 1997-2016. STEN and STW=mean minimum temperature during early nest and winter 

seasons across the entire MRNP study area below 1,524 meters. SPEN and SPW=mean 

minimum precipitation (mm) during early nest and winter seasons across the entire MRNP study 

area below 1,524 meters. RP=mean rumple index. C=mean canopy cover (%), MnHt=mean 

height (m) of canopy. US=mean upper strata bulk (%), EL=mean elevation (m), SL=mean slope 

(degree), and AS=mean aspect (degrees) of all 36 Northern Spotted Owl territories at MRNP. All 

temperatures measured in degrees Celsius.  
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APPENDIX B 

 

Table B1. Model selection results for all a priori models used to estimate within and between-

season detection rates of Northern Spotted Owls at Mount Rainier National Park 1997-2016 

relative to general time effects (t), annual variation (Yr), time trends (T and lnT), and the 

detection of barred owls (BO) . Model notation represents state effects (superscript) and from left 

to right in parentheses: 1) between season effects within states (primary sampling periods), and 

2) within season effects within states (secondary sampling periods). Models are ranked according 

to the Akaike Information Criterion adjusted for small sample-sizes (AICc) and AICc (the 

difference between model AICc and the lowest AICc in the model set), the number of parameters 

(K), model deviance, and Akaike weights (wi) are also included for each model. General state 

and time structure on initial occupancy (φ(𝑚)), probability a territory becomes occupied (𝜓𝑡+1
𝑚 ), 

the probability a site is occupied by breeding birds (𝑅𝑡+1
𝑚 ), and the probability of detecting 

reproduction (𝛿𝑖𝑗), was used to evaluate all detection probability [𝜑(1,2), 𝜓(0,1,2)(𝑡), 

𝑅(0,1,2)(𝑡), 𝛿(1,2)(𝑡)].  

Model                                   AICc                 wi                K             Deviance 

𝑝1,2(𝑑𝑜𝑡, 𝑇)  0.00 0.89 219 1795.43 

𝑝1,2(𝐵𝑂 + 𝑇) 4.43 0.10 220 1794.74 

𝑝1,2∗(𝑑𝑜𝑡, 𝑇) 8.92 0.01 220 1799.22 

𝑝1,2(𝑑𝑜𝑡, 𝑑𝑜𝑡) 12.72 0.00 218 1813.23 

𝑝1,2(𝑌𝑟, 𝑇) 66.58 0.00 238 1759.66 

𝑝1,2(𝑌𝑟, 𝑙𝑛𝑇) 70.78 0.00 238 1763.86 

𝑝1,2(𝐵𝑂 + 𝑌𝑅, 𝑇) 70.85 0.00 239 1758.23 

𝑝1,2(𝑌𝑟, 𝑑𝑜𝑡) 82.21 0.00 237 1780.95 

𝑝1=2(𝑑𝑜𝑡, 𝑇) 82.33 0.00 218 1882.84 

𝑝1=2(𝑑𝑜𝑡, 𝑑𝑜𝑡)  99.02 0.00 217 1904.60 

𝑝1,2(𝐵𝑂 ∗ 𝑌𝑟, 𝑇)  168.56 0.00 258 1741.09 

𝑝1,2(𝑌𝑟, 𝑡)  559.19 0.00 317 1671.70 
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Table B2. Model selection results for all a priori models used to estimate between-season 

reproduction detection rates of Northern Spotted Owls at Mount Rainier National Park 1997-

2016 relative to general time effects (t), annual variation (Yr), temporal trends (T and lnT), the 

even-odd year effect (EO), and annual reproduction (RR). The detection of barred owls (BO) per 

survey within years was an individual covariate for each territory. Model notation represents 2 

temporal scales in the following order from left to right: 1) between year or primary sample 

period effects, and 2) within season or across secondary sample period effects within seasons.  

Models are ranked according to the Akaike Information Criterion adjusted for small sample-sizes 

(AICc) and AICc (the difference between other model AIC’s), the number of parameters (K), 

model deviance, and Akaike weights (wi) are also included for each model. General state and 

time structure on initial occupancy (φ(𝑚)), probability a territory becomes occupied (𝜓𝑡+1
𝑚 ), and 

the probability a site is occupied by breeding birds (𝑅𝑡+1
𝑚 ), unless otherwise indicated was used 

to evaluate all reproduction detection probability models, while retaining the best structure from 

𝑝𝑖𝑗
𝑚 [ φ(1,2),  𝜓(0,1,2)(𝑡), 𝑅(0,1,2)(𝑡), 𝑝(1,2)(𝑑𝑜𝑡, 𝑇)].

 

Model      AICc                 wi                  K                Deviance 

𝛿(𝑅𝑅 + 𝐵𝑂, 𝑙𝑛𝑇) φ(dot)   0.00 0.79 122 1891.21 

𝛿(𝑅𝑅 + 𝐵𝑂, 𝑙𝑛𝑇) 3.03 0.17 123 1891.04 

𝛿(𝑅𝑅 ∗ 𝐵𝑂, 𝑙𝑛𝑇) 6.56 0.03 124 1891.36 

𝛿(𝑅𝑅, 𝑙𝑛𝑇) 15.24 0.00 122 1906.45 

𝛿(𝑙𝑛𝑇, 𝑙𝑛𝑇) 19.81 0.00 122 1911.02 

𝛿(𝑌𝑟, 𝑙𝑛𝑇) 20.28 0.00 140 1851.65 

𝛿(𝐵𝑂 + 𝑌𝑟, 𝑙𝑛𝑇) 23.40 0.00 141 1851.30 

𝛿(𝐸𝑂, 𝑙𝑛𝑇) 24.78 0.00 122 1915.99 

𝛿(𝑇, 𝑙𝑛𝑇) 27.23 0.00 122 1918.44 

𝛿(𝑅𝑅 + 𝑌𝑟, 𝑙𝑛𝑇) 27.47 0.00 141 1855.38 

𝛿(𝑇𝑇, 𝑙𝑛𝑇) 29.02 0.00 123 1917.03 

𝛿(𝐵𝑂, 𝑙𝑛𝑇) 29.26 0.00 122 1920.47 

𝛿(𝑑𝑜𝑡, 𝑙𝑛𝑇) 30.81 0.00 121 1925.21 

𝛿(𝑑𝑜𝑡, 𝑇) 31.82 0.00 121 1926.22 

𝛿(𝑑𝑜𝑡, 𝑑𝑜𝑡) 32.31 0.00 120 1929.89 

𝛿(𝑑𝑜𝑡, 𝑇𝑇) 34.22 0.00 122 1925.43 

𝛿(𝑑𝑜𝑡, 𝑡) 35.74 0.00 124 1920.53 

𝛿(𝐵𝑂 ∗ 𝑌𝑟, 𝑙𝑛𝑇) 67.51 0.00 160 1826.47 

𝛿(𝑌𝑟 ∗ 𝑡) 296.09 0.00 219 1795.42 
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Table B3. Model selection results for all a priori models used to estimate territorial occupancy 

dynamics (𝜓𝑡+1
𝑚 ) for Northern Spotted Owls at Mount Rainier National Park 1997-2016 relative 

to general time effects (t), annual variation (Yr), temporal trends (T, TT, and lnT), habitat 

covariates: RP=rumple, C=Canopy cover, US=upper strata, MH=Mean height El=elevation, 

SL=slope, and AS=Aspect, weather covariates: TLEN or W =local minimum temperature, STEN or 

W=study area minimum temperature, TEN or W=territory minimum temperature each year, SPEN or W 

=study area precipitation each year, and PEN or W =territory precipitation each year, and the even-

odd year effect (EO). The detection of barred owls (BO) per survey within years was an 

individual covariate for each territory. Models are ranked according to the Akaike Information 

Criterion adjusted for small sample-sizes (AICc) and AICc (the difference between other model 

AIC’s), the number of parameters (K), model deviance, and Akaike weights (wi) are also 

included for each model. General state and time structure on the probability a site is occupied by 

breeding birds (𝑅𝑡+1
𝑚 ) was used to evaluate all occupancy probability models, while retaining the 

best structure from previous model runs on initial occupancy (φ(𝑚)), detection (𝑝𝑖𝑗
𝑚), and 

detecting true reproduction when present (𝛿𝑖𝑗). [ 𝜑(𝑑𝑜𝑡),  𝑅(0,1,2)(𝑡),  𝑝(1,2)(𝑑𝑜𝑡, 𝑇), 𝛿(𝑅𝑅 +

𝐵𝑂, 𝑙𝑛𝑇)]. 

 

  Model    AICc        wi           K            Deviance 

𝜓0,1,2+(𝑙𝑛𝑇 + 𝑆𝐿) 0.00 0.36 70 1943.74 

𝜓0,1,2+(𝑙𝑛𝑇)  0.56 0.28 69 1946.86 

𝜓0,1,2+(𝑇) 2.14 0.11 69 1948.46 

𝜓0,1,2+(𝑆𝑃𝐸𝑁) 4.14 0.05 69 1950.46 

𝜓0,1,2+(𝑙𝑛𝑇 + 𝑆𝑃𝐸𝑁) 6.38 0.02 70 1950.12 

𝜓0,1=2+(𝑙𝑛𝑇)  6.79 0.01 68 1955.68 

𝜓0,1,2+(𝑆𝐿)  6.91 0.01 69 1953.23 

𝜓0,1=2+(𝑙𝑛𝑇 + 𝑆𝐿)  6.96 0.01 69 1953.28 

𝜓0,1,2+(𝑅𝑃)  7.24 0.01 69 1953.56 

𝜓0,1,2+(𝑙𝑛𝑆𝐿) 7.43 0.01 69 1953.75 

𝜓0,1,2+(𝑀𝐻) 7.48 0.01 69 1953.80 

𝜓0,1,2+(𝐴𝑆)  7.51 0.01 69 1953.83 

𝜓0,1,2+(𝑙𝑛𝑅𝑃)  7.58 0.01 69 1953.89 

𝜓0,1,2+(𝑃𝑊) 7.64 0.01 69 1953.96 

𝜓0,1,2+(𝑙𝑛𝐶) 7.68 0.01 69 1954.01 

𝜓0,1,2+(𝑈𝑆)  7.69 0.01 69 1954.01 

𝜓0,1,2+(𝑇𝑇)  8.13 0.01 70 1951.87 

𝜓0,1,2+(𝑆𝑇𝑊) 8.16 0.01 69 1954.48 

𝜓0,1,2+(𝑇𝐿𝑊) 8.36 0.01 69 1954.68 

𝜓0,1=2+(𝑇) 8.38 0.01 68 1957.27 

𝜓0,1,2+(𝐸𝑂)  8.56 0.01 69 1954.88 

𝜓0,1,2+(𝑆𝑃𝑊)    8.79 0.00 69 1955.11 

𝜓0,1,2+(𝑃𝐸𝑁)  8.80 0.00 69 1955.12 

𝜓0,1,2+(𝑙𝑛𝑈𝑆) 8.83 0.00 69 1955.15 

𝜓0,1,2+(𝐵𝑂) 8.88 0.00 69 1955.20 
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𝜓0,1,2+(𝐸𝐿) 9.53 0.00 69 1955.85 

𝜓0,1,2+(𝑇𝑇 𝑆𝐿)  9.54 0.00 70 1953.28 

𝜓0,1,2+(𝑇𝑇 𝑅𝑃) 9.82 0.00 70 1953.56 

𝜓0,1,2+(𝑇𝑇 𝐶)  9.94 0.00 70 1953.68 

𝜓0,1,2+(𝑇𝑇 𝐴𝑆)    10.11 0.00 70 1953.85 

𝜓0,1,2+(𝑇𝑇 𝑀𝐻) 10.36 0.00 70 1954.10 

𝜓0,1=2(𝑑𝑜𝑡)    10.93 0.00 67 1962.37 

𝜓0,1,2(𝑑𝑜𝑡)  11.32 0.00 68 1960.21 

𝜓0,1,2+(𝐶)  11.72 0.00 69 1958.04 

𝜓0,1,2+(𝑙𝑛𝑀𝐻) 11.89 0.00 69 1958.20 

𝜓0,1,2+(𝑇𝑇 𝐸𝐿) 12.01 0.00 70 1955.74 

𝜓0,1,2+(𝑙𝑛𝐴𝑆) 12.02 0.00 69 1958.34 

𝜓0,1,2+(𝑇𝑊) 12.13 0.00 69 1958.45 

𝜓0,1,2+(𝑆𝑇𝐸𝑁)   12.91 0.00 69 1959.23 

𝜓0,1,2+(𝑇𝐸𝑁) 13.51 0.00 69 1959.83 

𝜓0,1,2+(𝑇𝐿𝐸𝑁) 13.83 0.00 69 1960.15 

𝜓0,1,2+(𝑙𝑛𝐸𝐿)    13.88 0.00 69 1960.20 

𝜓0,1,2+(𝑇𝑇 𝑈𝑆)    15.19 0.00 70 1958.93 

𝜓0,1,2+(𝑌𝑟)    18.55 0.00 86 1919.63 

𝜓0,1,2+(𝐵𝑂 + 𝑌𝑟)  18.69 0.00 87 1917.01 

𝜓0,1=2+(𝑌𝑟)    23.87 0.00 85 1927.70 

𝜓2,0=1(𝑑𝑜𝑡)     29.88 0.00 67 1981.32 

𝜓0,1,2+(𝐵𝑂 ∗ 𝑌𝑟) 31.24 0.00 86 1932.32 

𝜓0=1=2(𝑑𝑜𝑡)    48.93 0.00 66 2002.93 

𝜓0,1=2∗(𝑌𝑟) 61.05 0.00 103 1913.69 

𝜓0,1,2∗(𝑌𝑟) 96.89 0.00 122 1891.21 

𝜓1,0=2 (𝑑𝑜𝑡)    117.79 0.00 67 2069.24 
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Table B4. Model selection results for all a priori models used to estimate breeding propensity 

(probability of transitioning to an occupied site with reproduction; 𝑅𝑡+1
𝑚  ) of Northern Spotted 

Owls at Mount Rainier National Park 1997-2016 relative to general time effects (t), annual 

variation (Yr), trends (T, TT, and lnT), 7 habitat covariates: RP=rumple, C=Canopy cover, 

US=upper strata, MH=Mean height El=elevation, SL=slope, and AS=Aspect, 5 weather 

covariates: TLEN or W =local minimum temperature, STEN or W=study area minimum temperature, 

TEN or W=territory minimum temperature each year, SPEN or W =Study area precipitation each year, 

and PEN or W =territory precipitation each year, and the even-odd year effect (EO). The detection 

of barred owls (BO) per survey within years was an individual covariate for each territory. 

Models are ranked according to the Akaike Information Criterion adjusted for small sample-sizes 

(AICc) and AICc (the difference between other model AIC’s), the number of parameters (K), 

model deviance, and Akaike weights (wi) are also included for each model. The best structure on 

initial occupancy (φ(𝑚)), probability of becoming occupied (𝜓𝑡+1
𝑚 ), detection (𝑝𝑖𝑗

𝑚), and 

detecting true reproduction when present (𝛿𝑖𝑗), were retained from previous model runs for each 

parameter [ 𝜑(𝑑𝑜𝑡),  𝜓(0,1,2)(𝑙𝑛𝑇 + 𝑆𝐿),  𝑝(1,2)(𝑑𝑜𝑡, 𝑇), 𝛿(𝑅𝑅 + 𝐵𝑂, 𝑙𝑛𝑇)].  
 

Model                                                AICc           wi          K              Deviance 

𝑅(0=1,2+)(𝐵𝑂 + 𝑆𝑇𝐸𝑁)  0.00 0.81 17 1994.46 

𝑅(0=1,2+)(𝑆𝑇𝐸𝑁)       4.27 0.10 16 2000.86 

𝑅(0=1,2+)(𝑆𝑃𝑊)     7.46 0.02 16 2004.04 

𝑅(0=1,2+)(𝐵𝑂 + 𝑌𝑟)   8.10 0.01 34 1965.32 

𝑅(0=1,2+)(𝐸𝑂)      8.60 0.01 16 2005.18 

𝑅(0=1,2+)(𝐵𝑂)       9.27 0.01 16 2005.85 

𝑅(0=1,2+)(𝑌𝑟)       9.45 0.01 33 1968.93 

𝑅(0=1,2+)(𝑇𝑇)       9.70 0.01 17 2004.16 

𝑅(0=1,2+)(𝐴𝑆)       10.02 0.01 16 2006.60 

𝑅(0=1,2+)(𝑙𝑛𝑇)     10.33 0.00 16 2006.91 

𝑅(0=1,2+)(𝑆𝑇𝑊)   11.60 0.00 16 2008.18 

𝑅(0=1,2+)(𝑀𝐻)       11.67 0.00 16 2008.25 

𝑅(0=1,2+)(𝑇𝐸𝑁)     11.74 0.00 16 2008.32 

𝑅(0=1,2+)(𝐶)   11.95 0.00 16 2008.54 

𝑅(0=1,2+)(𝑇)       12.12 0.00 16 2008.70 

𝑅(0=1,2)(𝑑𝑜𝑡)      12.50 0.00 15 2011.20 

𝑅(0=1,2+)(𝑈𝑆)     13.04 0.00 16 2009.62 

𝑅(0=1,2+)(𝑇𝑊)       13.28 0.00 16 2009.86 

𝑅(0=1,2+)(𝑅𝑃)  13.38 0.00 16 2009.96 

𝑅(0=1,2+)(𝑆𝑃𝐸𝑁)       13.55 0.00 16 2010.13 

𝑅(0=1,2+)(𝐸𝐿)      14.20 0.00 16 2010.78 

𝑅(0,1,2)(𝑑𝑜𝑡)        14.31 0.00 16 2010.89 

𝑅(0=1,2+)(𝑆𝐿) 14.36 0.00 16 2010.94 

𝑅(0=1,2+)(𝑃𝐸𝑁)   14.45 0.00 16 2011.03 

𝑅(0=1,2+)(𝑇𝐿𝐸𝑁)       14.47 0.00 16 2011.05 

𝑅(0=1,2+)(𝑃𝑊)      14.56 0.00 16 2011.14 
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𝑅(0=1,2+)(𝑇𝐿𝑊)       14.61 0.00 16 2011.20 

𝑅(0=2,1)(𝑑𝑜𝑡)       17.63 0.00 15 2016.33 

𝑅(1=2,0)(𝑑𝑜𝑡)       21.62 0.00 15 2020.32 

𝑅(0=1=2)(𝑌𝑟)       25.15 0.00 32 1986.87 

𝑅(0=1,2+)(𝐵𝑂 ∗ 𝑌𝑟) 25.69 0.00 34 1982.92 

𝑅(0=1=2)(𝑑𝑜𝑡)       26.56 0.00 14 2027.36 

𝑅(0=1,2∗)(𝑌𝑟) 34.39 0.00 51 1952.02 

𝑅(0,1,2)(𝑌𝑟)       73.47 0.00 70 1943.74 

 
 

 

 

 

 

 

 

 

 

 

 

 

 


