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Since the early 1990s, declines in northern spotted owl (Strix occidentalis 

caurina) populations have been documented through extensive field surveys and range-

wide demographic analyses.  Although loss of late-successional forest has been credited 

as the primary cause for spotted owl population declines, environmental variation has 

also been shown to influence vital rates of many avian species, including spotted owls.  

Weather and climate are often the most important sources of environmental variation for 

many species, and population processes can be affected by both large-scale climate 

fluctuations as well as by local variation in weather.  My objectives were to identify 

associations between weather and climate and demographic rates of northern spotted 

owls using data collected from marked spotted owls on 6 long-term study areas in 

Washington and Oregon.  I used an information-theoretic approach to rank statistical 

models representing a priori hypotheses regarding effects of weather and climate on 

annual survival, reproduction, and realized rate of population change.  Annual survival 

was negatively associated with drier-than-normal conditions on a regional scale at 3 

areas, but was also associated with local weather conditions at 3 areas.  Number of young 



fledged per pair per year was negatively associated with cold, wet nesting seasons at 3 

areas, although larger-scale weather patterns were associated with reproduction as well.  

Climate accounted for moderate to high amounts of temporal variation for both survival 

and reproduction, but little of the spatial variation.  My analyses of realized rates of 

population change indicated continued declines in populations at the 6 study areas, with 

climate accounting for 3-85% of the temporal variation in lambda.  My results suggest 

that spotted owl populations may face additional challenges if climate in the Pacific 

Northwest follows the current predictions of year-round warming with warmer, wetter 

winters and hotter, drier summers in the 21st century.  
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Local Weather, Regional Climate, and Population Dynamics of Northern Spotted 

Owls in Washington and Oregon 

 

CHAPTER 1 – INTRODUCTION 

 

Environmental Variation and Population Dynamics 

 

To develop sound conservation plans for at-risk species, it is essential to 

understand the processes driving population regulation and to identify factors that cause 

population fluctuations (White 2000).  Although habitat loss and degradation are often 

the most significant factors influencing species declines and extinctions (Doak 1995), 

abiotic factors such as weather and climate can also be important, particularly for small 

populations (Boyce 1992).  In fact, determining the relative contributions of density-

dependent and density-independent factors to population dynamics has been a 

fundamental question in ecology (Sæther et al. 2006).   Environmental stochasticity has 

typically been considered as continuous series of perturbations that similarly affect vital 

rates of all individuals in a population.  In contrast, environmental catastrophes are events 

that result in sudden and large reductions in population size.  Both environmental 

stochasticity and random catastrophes affect populations of all sizes (Lande 1993).  With 

growing concern among scientists about the effects of human-caused climate change on 

ecological systems, an ever-increasing number of studies are demonstrating effects of 

climate and weather on the demography of numerous species (Jenouvrier et al. 2003, 

Rodríguez and Bustamante 2003).  Studies of avian biology have provided some of the 

best examples of impacts of recent climate change on wildlife (Crick 2004).  Long-term 

datasets have been used to document both phenological changes in response to climate 

change (Forchhammer et al. 1998, Sparks 1999, Sans 2002) as well as the effects of 
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weather on the demographic performance of numerous avian species (Sæther  et al. 2000, 

2006, Jenouvier et al. 2003, Ontiveros and Pleguezuelos 2003).   

Defining life history strategies and identifying vital rates that most affect 

population growth rates are critical for developing effective conservation strategies 

(Franklin et al. 2000, Williams et al. 2001).  Populations of animals and their associated 

demographic traits vary over space and time, and individuals within populations also vary 

in their ability to respond to environmental conditions.  Thus temporal, spatial, and 

individual variation all affect population dynamics, life history traits, and ultimately the 

persistence of populations across space and time (Franklin et al. 2000).  Temporal 

variation has often been ignored in much of life history theory, although the influence of 

temporal variability can have significant consequences for life history strategies 

depending on the amount of variation, covariation among life history traits, and the life 

history of the species of interest. In contrast, many field studies of population dynamics 

have primarily focused on temporal variation in vital rates with little attention given to 

spatial variability.  Environmental variation can affect both temporal and spatial 

variability in population dynamics as well as species distributions and community 

composition (Ciannelli et al. 2007).   For conservation of at-risk species, we ultimately 

need to elucidate the mechanisms that affect population variation over time.   

Climate and weather are sources of environmental variation that can influence 

both temporal and spatial patterns in population sizes through their influence on life 

history traits (Shaffer 1981).  The impact of weather on population dynamics of birds was 

studied extensively throughout the second half of the 20
th

 century (Crick 2004).  Weather 

affects metabolic rates and also exerts direct and indirect effects on behavior, foraging 



3 

 

 

success, and courtship.   Weather also directly affects reproductive success.  Weather 

extremes can reduce survival of young, and prolonged periods of temperature extremes, 

drought, or flooding can have catastrophic effects on population size.  Climate, which is 

the long-term average of weather, affects the distribution and abundance of species 

throughout the world (Ontiveros and Pleguezuelos 2003) and has been linked to large-

scale patterns in demographic variability (Ådahl et al. 2006).  In many areas, weather 

conditions vary widely by season as well as on an annual basis.  In addition, climate and 

weather vary spatially, and effects can be strong at extremes of species’ ranges or for 

small, isolated populations that are at greater risk of extinction from catastrophic events 

(Lande 1993, Shaffer 1987).  Population processes are affected by both large-scale 

fluctuations in climate conditions and by local weather variation.   It is important to 

understand effects of weather and climate on the rate of population change in addition to 

effects on individual demographic parameters.  Furthermore, relatively few studies have 

examined interrelations among annual survival, reproduction, and climate (Jones et al. 

2007).  

Ecological Effects of Climate Change 

 

Global climate change is arguably the most pressing environmental issue of our 

time, and there is growing evidence that recent climate change has impacted a wide range 

of ecological systems (Ådahl et al. 2006, Stenseth et al. 2002, Walther et al. 2002).  In 

order to address the consequences of climate change on wildlife populations, it is 

essential to understand the effects of natural environmental variation on population 

dynamics before considering potential impacts of climate change.  However, links 

between ecological descriptions of climate effects with reliable predictions are rarely 
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explicit in the current literature (Berteaux et al. 2006).  Global climate change has the 

potential to produce entirely new environmental conditions, making predictions about 

future ecological consequences a daunting challenge.  Our ability to make reliable 

predictions regarding changes in wildlife populations in response to climate change is 

dependent on understanding interactions between demographic rates and environmental 

variation (Ådahl et al. 2006). 

 In the past 100 years, the Earth’s climate has warmed by approximately 0.6˚ C 

(Walther et al. 2002), and both temperature and precipitation are predicted to increase in 

many areas of the world as the concentration of greenhouse gases continues to rise (IPCC 

2002).  On a regional scale the effects of global climate change can be quite variable, 

with temperature and precipitation increasing in some areas and decreasing in others.  In 

general, climatologists predict that there will be an increase in variability and occurrence 

of extreme weather events.  Climate change has been shown to have consequences on the 

phenology and physiology of organisms (Forchhammer et al. 1999, Creswell and 

McCleary 2003), range and distribution of species (Inkley at al. 2004), composition of 

and interaction within communities, and the structure and dynamics of ecosystems 

(Walther et al. 2002).  Long-term studies have documented earlier arrival of migratory 

birds (Sparks 1999), earlier reproduction of amphibians (Forchhammer et al. 1998) and 

birds (Sanz 2002), and earlier eruption of leaf buds (Sparks and Yates 1997).  In addition 

to specific physiological requirements of individual species, the driving forces in these 

shifts are believed to be changes in temperature and precipitation (Inkley et al. 2004).   

Other responses to climate change included changes in the degree of protandry and 

secondary sexual characteristics (Möller 2004), changes in the competitive interactions 
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among species (Ahola et al. 2007), and phenological disjunction where a species’ 

behavior becomes out of synchrony with its environment (Crick 2004).  Although many 

factors influence population dynamics, certain species may be particularly susceptible to 

population declines from variation in weather conditions (Walther et al. 2002).  Under the 

current scenario of climate change, there is a need for models that relate climatic 

conditions to life history traits (Rodríguez and Bustamante 2003).     

Northern Spotted Owls and Climate Variability 

Conservation of the northern spotted owl (Strix occidentalis caurina) has been a 

highly contentious issue in the Pacific Northwest because of the owls’ association with 

economically valuable old-growth forest.  As a result, the spotted owl is one of the most 

intensively studied avian species in the world.  Furthermore, because these owls are long-

lived, non-migratory, and have high site fidelity, researchers have been able to develop 

and maintain continuous demographic records for spotted owl populations on numerous 

study areas across the Pacific Northwest since the late 1980s (Anthony et al. 2006).  As a 

result, this species is an ideal candidate for examining the effects of weather and climate 

on demographic rates.  Furthermore, understanding the effects of weather and climate on 

spotted owl population dynamics is essential for predicting the potential impacts of global 

climate change.   

Understanding the effects of climate variability and subsequent effects of climate 

change is quickly becoming an emerging issue for the recovery of threatened or 

endangered species.  Habitat protection has been a central focus of most recovery plans 

for threatened or endangered animals.  However, the effects of environmental variability 

can potentially be as important for maintaining or increasing population size especially 



6 

 

 

for birds that forego breeding in years with low food availability.  Such is the case for the 

northern spotted owl.  This medium-sized nocturnal owl inhabits conifer forests in the 

Pacific Northwest.  Spotted owls are non-migratory and territorial, exhibiting high site 

fidelity and maintaining large home ranges (approx. 1500 ha) (Forsman et al. 1984).  

They feed primarily on small mammals and are closely associated with late-successional 

forest across most of the species’ range (Forsman et al. 1984, 2004, Thomas et al. 1990, 

Courtney et al. 2004).  High levels of timber harvest in western Washington and Oregon 

during the 1970s and 1980s resulted in precipitous loss of old forest habitat.  For this and 

other reasons, the U.S. Fish and Wildlife Service listed the northern spotted owl as a 

threatened subspecies in 1990 (USFWS 1990).  The primary reasons for the listing were 

that (1) habitat was declining, (2) there was evidence of declining populations, and (3) 

regulatory mechanisms to protect the owl and its habitat were inadequate (USFWS 1990).   

Since the time of listing, continued declines in northern spotted owl populations 

have been documented through extensive field surveys and range-wide demographic 

analyses (Burnham et al. 1996, Franklin et al. 1999, Anthony et al. 2006).   Continued 

loss of old-growth forest and competition from barred owls (Strix varia) are thought to be 

contributing to spotted owl population declines (Anthony et al. 2006).  However, specific 

causes for these declines have not been clearly identified (Courtney et al. 2004).  Timber 

harvest has been greatly reduced on federal forests since the Northwest Forest Plan was 

implemented in 1994, yet spotted owl populations on demographic monitoring on federal 

lands areas have continued to decline (Anthony et al. 2006).  Several population studies 

have examined the combined effects of habitat, weather, and demographic factors on 

survival and reproduction of northern spotted owls (Franklin et al. 2000, Olson et al. 
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2004, Dugger et al. 2005).  Results from these studies suggested that both weather and 

habitat conditions were affecting demographic performance of spotted owls.   

Given the continued declines in northern spotted owl populations, there is a 

pressing need for a better understanding of the effects of environmental variability on 

northern spotted owl population dynamics.  The effect of environmental variation on 

population growth rate is closely tied to which life stages are most affected by 

environmental conditions (Lande 1993).  If life stages that have the greatest influence on 

population growth are impacted by environmental variation, variability in population 

dynamics will increase (Altwegg et al. 2006), which in turn will increase the extinction 

risk for that population (Lande et al. 2003).  Spotted owls are a long-lived species, with 

high, relatively stable adult survival, lower juvenile survival, and highly variable 

reproduction.  For such species, population growth is most sensitive to changes in adult 

survival and less sensitive to changes in reproduction or juvenile survival (Lande 1988, 

Noon and Biles 1990).   Variation in weather has been shown to affect both survival and 

reproductive output of spotted owls (Franklin et al. 2000, Olson et al. 2004, Dugger et al. 

2005); but the influence of climate on spotted owl demography remains unclear.   

Numerous studies have documented the effects of weather on survival and 

reproduction of birds.  Weather can affect abundance (Lusk et al. 2001, Leoine and 

Böhning-gaese 2003), survival rates (Jenouvrier et al. 2003), egg laying dates (Sanz 

2002), clutch size (Creswell and McCleery 2003), and breeding success  (Jovani and 

Tella 2004).  Weather conditions have been also shown to affect demographic rates of the 

Mauritius kestrel (Falco punctatus) (Nicoll et al. 2003), southern fulmar (Fulmarus 

glacialoides) (Jenouvrier et al. 2003), whiskered auklets (Aethia pygmaea)(Jones et al. 
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2007),  Bonelli’s eagle (Hieraaetus fasciatus) (Ontiveros and Pleguezuelos 2003), white 

stork (Ciconia ciconia) (Jovani and Tella 2004), Australian brown falcon (Falco 

berigora) (McDonald et al. 2004), lesser kestrel (Falco naumanni) (Rodríguez and 

Bustamante 2003), tawny eagle (Aquila rapax) (Wichmann et al. 2003), Mexican spotted 

owl (Strix occidentalis lucida) (Seamans et al. 2002), California spotted owl (Strix 

occidentalis occidentalis)(LaHaye et al. 2004), and northern spotted owl (Franklin et al. 

2000, Olson et al. 2004).  In general, these studies reported negative effects of cold, wet 

weather during the breeding season on reproduction and negative effects of drought on 

survival for most bird species.  Effects of climate on birds include both direct effects of 

weather on survival and reproduction as well as indirect effects on demographic rates of 

prey populations. 

Both direct and indirect effects of weather on spotted owl demography have been 

addressed in previous studies.  Franklin et al. (2000) found that survival was negatively 

associated with high precipitation and cold temperatures during the early nesting season, 

and reproduction was negatively associated with high precipitation during winter and 

nesting season for northern spotted owls in California.  In Oregon, both survival and 

reproduction were negatively related to the amount of precipitation during the nesting 

season (Olson et al. 2004).  For the closely-related California spotted owl, fecundity of 

subadult and adult female owls was higher when a wet year preceded a dry spring: 

climate explained 100% of the estimated temporal process variation in fecundity, but no 

temporal process variation was detected in survival (LaHaye et al. 2004).  In Arizona and 

New Mexico, Mexican spotted owls responded differently to climate variation (Seamans 

et al. 2002).  Survival in New Mexico and reproduction in both areas was positively 



9 

 

 

related to the total amount of precipitation during the previous year, previous winter, or 

previous monsoon season (Seamans et al. 2002).    

 Although these demographic studies have been fundamental to our understanding 

of demographic processes of northern spotted owls, a number of questions remain 

regarding effects of climate on demographic performance of spotted owls.  These earlier 

studies focused on 1-2 study areas so they were unable to address climate effects across 

the range of the species.  In addition, these studies used weather data from local weather 

stations as a measure of temporal variation in environmental conditions, but did not 

address spatial variation in weather conditions among owl territories.  Large-scale 

demographic studies that used data from study areas across the range of the species 

(Anthony et al. 2006) did not include climate in their models.  In order to develop a better 

mechanistic understanding of spotted owl population dynamics, we need to know how 

response to climate conditions varies across the range of the species, at which temporal 

and spatial scales is climate most important, and which measures of weather and climate 

best assess conditions important to owls.  

Research Objectives 

 

My objective was to develop statistical models to test hypotheses regarding the 

effects of weather and climate on demographic rates of northern spotted owls.  

Specifically, I examined how precipitation, temperature, and storms as well as long-term 

weather patterns and climate cycles were associated with annual survival, annual 

reproduction, and annual rate of population change (λ) of spotted owls on 6 study areas in 

the Pacific Northwest.  For each vital rate, I addressed three specific questions: 1) What 

components of weather and climate have the strongest association with demographic 
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rates? 2) How much variation in demographic rates can be explained by climate? and 3) 

At which temporal and spatial scales is climate associated with spotted owl population 

dynamics?  My findings are organized in the following 3 chapters: Chapter 2 – Local 

weather, regional climate, and annual survival of northern spotted owls; Chapter 3 – 

Local weather, regional climate, and annual reproduction of northern spotted owls; and 

Chapter 4 – Local weather, regional climate, and annual rate of population change of 

northern spotted owls.  In Chapter 5, I provide a synthesis of the 3 demographic analyses 

and discuss the potential consequences of global climate change and regional climate 

trends on northern spotted owls in the Pacific Northwest.   
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CHAPTER 2 – LOCAL WEATHER, REGIONAL CLIMATE, AND ANNUAL 

SURVIVAL RATES OF NORTHERN SPOTTED OWLS 

 

Abstract 

 

I examined the effects of weather and climate on apparent annual survival of 6 

populations of individually-marked northern spotted owls in Oregon and Washington.  I 

used an information-theoretical approach and Program MARK to evaluate statistical 

models representing a priori hypotheses regarding the effects of weather and climate on 

annual survival.  For 4 of the 6 populations, survival was negatively related to drought 

conditions or high summer temperatures.  At the 3 highest elevation study areas, survival 

was also associated with storm events as well as winter, nesting season, and dispersal 

period temperature and precipitation.  However, the relation of survival to these weather 

factors varied by study area. A meta-analysis conducted across all 6 areas indicated that 

annual survival was most strongly associated with phase shifts in the Southern Oscillation 

and Pacific Decadal Oscillation which reflect large-scale temperature and precipitation 

patterns in this region.  Climate accounted for 1-41% of the total process variation in 

annual survival; however, climate accounted for more temporal variation (3-66%) than 

spatial variation (0-7%).  Relationships with winter and nesting season weather were 

similar to other studies of spotted owl demography; however, relationships between 

survival and drought as well as regional climate patterns had not previously been reported 

for this species.  

Introduction 

 

The impact of weather and climate on the population dynamics of birds has been a 

focus of study throughout the 20
th

 century; however, the implications of global climate 
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change have only been addressed in detail in recent years (Crick 2004).  For species with 

declining populations such as the northern spotted owl (Strix occidentalis caurina), 

understanding the effects of environmental variability on population dynamics is critical 

for developing effective conservation strategies.  Furthermore, assessing the potential 

impact of global climate change requires in-depth understanding of the species’ response 

to environmental stochasticity (Saltz et al. 2006).  Long-term research has shown that the 

northern spotted owl is long-lived species, with high adult survival, lower and more 

variable juvenile survival, and highly variable reproduction (Anthony et al. 2006).  

Franklin et al. (2000) suggested that northern spotted owls follow a bet-hedging life 

history strategy, where selection favors individuals that increase their odds of survival by 

reproducing only during favorable conditions.  This trade-off between investing in young 

versus insuring the probability of survival to reproduce in the future has been a central 

issue in life history theory (Williams 1966).    

Another central issue in life history theory involves the relative influence of 

density-dependent and density independent factors affecting population dynamics, as well 

as interactions between these two processes (Jones et al. 2007).  Because different 

demographic factors (e.g. survival, reproduction) affect rates of population change 

differently according to a species’ life history strategy, environmental variation does not 

affect all demographic rates in the same manner (Galliard and Yoccoz 2003).  Even small 

increases in variability of certain demographic parameters in response to environmental 

variation can have large effects on population growth  (Galliard et al . 2000).   

Demographic parameters that have the least effect on population growth also tend to be 

the most variable.   This suggests selection pressure for reduced variance on the most 
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sensitive traits (Sæther et al. 2002).  The effects of climate on northern spotted owl 

population dynamics therefore depend on which demographic parameters have the 

greatest effect on population growth rates as well as on which demographic rates are most 

affected by climate variability.  For a bet-hedging species such as the spotted owl, the 

potential for variation in climate to affect population dynamics is particularly great if 

climate affects adult survival.   

Additionally, not all age classes of individuals within a population contribute 

equally to the population growth rate.  The effect of variability in weather and climate on 

populations depends not only on which demographic rates are most affected, but on 

which age classes are affected and whether multiple age classes are affected 

simultaneously (Altwegg et al. 2006).  If multiple age classes are affected in a similar 

manner, there will be a positive correlation between fitness components at the population 

level, resulting in increased variability in population dynamics and higher extinction rates 

(Lande et al. 2003).  On the other hand, if a single age class or life stage is affected by 

climate; there will be a decrease in the correlation between fitness components at the 

population level, resulting in more stable population dynamics (Altwegg et al. 2006).  

 Demographic studies of raptors have shown that annual survival rates for many 

species are affected by temperature and precipitation, and that the influence of climate 

often differs for juveniles and adults.  For birds, reductions in annual survival rates have 

often been associated with periods of low temperatures or periods of drought (Robinson 

et al. 2007).  Weather and climate can be represented as environmental stochasticity 

which may affect different age classes differently, but may also be catastrophic events 

that can have dramatic negative impacts on all age classes.  Extreme events are known to 
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cause immediate high mortality to large portions of populations, but it remains unclear 

whether they affect ecological processes in a way that is similar  to regular environmental 

variability, or are qualitatively different (Altwegg et al. 2006).  Although adult survival 

rates for most raptors tend to be high with low variability, survival of Australian Brown 

Falcons (Falco berigura) was negatively related to heavy rainfall (McDonald et al. 2004).  

Similarly, juvenile survival of Mauritius kestrels (Falco puctatus) decreased with greater 

than average rainfall, although adult survival remained relatively constant (Nicholl et al. 

2003).   

 Relationships between precipitation and survival may differ between arid and 

more mesic environments.  Annual survival of the tawny eagle (Aquila rapex) in the arid 

savannah of the Kalahari decreased when annual precipitation was low and when 

variation in precipitation increased (Wichmann et al.(2003).   Survival of barn owls (Tyto 

alba) in Switzerland was negatively associated with heavy winter snowfall and 

particularly harsh winters had dramatic negative effects on both juvenile and adult 

survival (Altwegg et al. 2006).  Similarly, survival decreased and mate turnover increased 

for tawny owls (Strix aluco) in Hungary following severe winters, although effects were 

observed in male but not female owls (Sasvari and Nishiumi 2005).   Effects of weather 

on demographic rates also may vary seasonally.  Breeding success of the lesser kestrel 

(Falco naumanni) was positively associated with winter rainfall, but negatively 

associated with rainfall during the nesting period (Rodríguez and Bustamante 2003).   

Understanding the effects of variation in weather and climate on the population 

dynamics of threatened and endangered species can be important for evaluating why 

management plans do or do not result in desired objectives.   Environmental variability 
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has always been a factor affecting wildlife populations; however, in many areas global 

climate change is predicted to increase the amplitude and probability of environmental 

variability.   The potential exists for entirely new environmental conditions to be created, 

thus making predictions regarding effects of climate variation on population s even more 

challenging.  Declines in northern spotted owl populations have been documented 

through extensive field surveys and range-wide demographic analyses since the 1980s 

(Anthony et al. 2006).   Although it is thought that loss of old-growth forest and 

competition from barred owls (Strix varia) have likely contributed to spotted owl 

population declines (Anthony et al. 2004, Courtney et al. 2004, Olson et al. 2005); 

however, the specific causes for continued declines have not been identified.   

Previous studies have found spotted owl survival to be associated with weather.  

Survival of northern spotted owls in California was negatively associated with high 

precipitation and cold temperatures during the early nesting season, and climate 

explained most of the temporal variation in survival in this study (Franklin et al. 2000).  

In the central Coast Range of Oregon, survival was negatively related to the amount of 

precipitation during the nesting season (Olson et al. 2004).  In contrast, there was very 

little temporal variation in annual survival rates in the southern Oregon Cascades (Dugger 

et al. 2005).  Similarly, no temporal process variation and hence no apparent effect of 

weather on survival were detected in a study of the closely-related California spotted owl 

(Strix occidentalis occidentalis) (LaHaye et al. 2004).  Mexican spotted owls (Strix 

occidentalis lucida) in Arizona and New Mexico appeared to respond differently to 

climate variation (Seamans et al. 2002).  In New Mexico, annual survival was positively 

related to the total amount of precipitation during the previous year, previous winter, or 
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previous monsoon season.  In Arizona, no such patterns were detected (Seamans et al. 

2002).    

As in many other studies of animal survival (Ciannelli et al. 2007), studies on 

spotted owls have focused on relationships between temporal variability in weather and 

survival.  Temperature and precipitation data for these studies were obtained from 

weather stations on the study areas, and the covariates in survival models quantified 

weather at the study area scale.  Although spatial variability in survival rates has been 

addressed using habitat covariates (Franklin et al. 2000, Olson et al. 2004, Dugger et al. 

2005), the effects of spatial differences in weather across owl territories have not been 

examined.   Newer spatial maps of temperature and precipitation are now available that 

capture both temporal and spatial variability in weather.  In addition, earlier studies did 

not consider large-scale climate patterns such as the el Niño-southern oscillation or 

regional drought indices.  Because demographic data for the northern spotted owl have 

been recorded for 13-20 years across much of the its range, this species provides a unique 

opportunity to consider the effects of weather and climate at a variety of spatial and 

temporal scales. 

My objectives were to test hypotheses regarding the effects of weather and 

climate on annual survival of northern spotted owls.  Specifically, I examined how 

variation in precipitation, temperature, storm events, and long-term weather patterns were 

associated with annual survival of spotted owls on 6 study areas in the Pacific Northwest.    

I addressed three specific questions: 1) What components of weather and climate area 

associated with spotted owl survival? 2) How much variation in annual survival of 
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northern spotted can be explained by climatic factors? and 3) Do relationships between  

climate and survival vary across the geographic range of the species?    

Methods 

Study Areas 

 

I examined associations of weather and climate with northern spotted owl annual 

survival using mark recapture data collected at 4 study areas in Oregon and 2 long-term 

study areas in Washington (Figure 2.1).  The Olympic study area (OLY) (3,289 km
2
) 

included the Olympic National Park as well as lands administered by the U.S. Forest 

Service and Washington Department of Natural Resources surrounding the Park. 

Elevations ranged from sea level to 2,428m.  The study area was characterized by 

mountainous terrain and a wet, relatively warm maritime climate.  The area was deeply 

dissected by numerous large river valleys that originated in the Olympic Range at the 

center of the peninsula.  Precipitation occurred mainly as rain and was particularly heavy 

on the western slopes of the Olympic Mountains.  Vegetation on the Olympic Peninsula 

was typical of the humid coastal region of western Washington (Franklin and Dyrness 

1973).  Forests included mixtures of western hemlock (Tsuga heterophylla), western red 

cedar (Thuja plicata), Sitka spruce (Picea sitchensis), pacific silver fir (Abies amabilis) 

and Douglas-fir (Pseudotsuga menziesii).  Areas above about 1,400m elevation were 

primarily non-forest subalpine or alpine vegetation. 

The Cle Elum Study Area (CLE) (1,784 km
2
) included the Cle Elum Ranger 

District on the Wenatchee National Forest as well as private lands within the district 

boundary.  This area was part of the eastern Cascades province in Washington.  

Elevations ranged from 670-2,084m.  Although mountainous, slopes tended to be gentler 
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on the Cle Elum area than those on the Olympic Peninsula and climate was much drier.  

Summers were typically warm and dry, and winters were relatively cold with much of the 

winter precipitation occurring as snow.  Forests were dominated by mixed conifer stands 

of Douglas-fir, grand fir, and ponderosa pine (Pinus ponderosa).  Western larch (Larix 

occidentalis), lodgepole pine (Pinus contorta), western white pine (Pinus monticola) and 

western hemlock occurred less frequently, but were commonly associated with mixed 

conifer stands.  Although mixed-conifer forests were most common, stands dominated by 

ponderosa pine and open grassy areas also were common on dry, south-facing slopes. 

The  H.J. Andrews Study Area (HJA) (1,526km
2
) was located on the west slope 

of the Cascade Mountain Range in western Oregon and included the H. J. Andrews 

Experimental Forest as well as adjacent lands on the Willamette National Forest and 

interspersed private holdings (Miller et al. 1996).  Topography was mountainous with 

deeply dissected river valleys, and elevations ranging from 1360-5200m.  Climate was 

maritime, with relatively dry summers and wet winters.  Winter precipitation was often 

snow at higher elevations.  Forests of Douglas-fir, western hemlock, and western red 

cedar dominated most of the area.  Although approximately 52% of the study area had 

been harvested within after 1950, the rest of the landscape was dominated by 200-500 

year-old forest.   

The Oregon Coast Range (OCR) study area (3,919 km
2
) included most of the 

Siuslaw National Forest, as well as areas of private, municipal, and state-owned lands 

within the National Forest boundary.  Climate was moderate maritime, with most 

precipitation falling as rain during October-May.  Elevations ranged from sea level to 

1,352m. Forests were dominated by Douglas-fir, western hemlock, and western red cedar.  
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Deciduous hardwoods including red alder (Alnus rubra), vine maple (Acer circinatum) 

and bigleaf maple (Acer macrophylum) also were common, particularly in riparian zones.  

Prior to the implementation of systematic fire control in the 1950s, periodic wildfires 

burned large areas of this region (Franklin and Dyrness 1973).  As a result of extensive 

clear-cutting and occasional fires after 1930, the landscape included a mixture of older 

forests on uncut areas, dense stands of younger trees on older clearcuts, and dense stands 

of shrubs and herbs on recently cutover areas.    

The Tyee Study Area (TYE) (1,714 km
2
) included lands administered by the 

Roseburg District of the Bureau of Land Management (BLM) and interspersed private 

lands arranged in a “checkerboard” pattern of alternating square mile (2.59 km
2
) sections 

of federal and non-federal land.  The terrain was mountainous with elevations ranging 

from 24-l418 m.  Climate was characterized by warm and dry summers and cool, wet 

winters, with most precipitation occurring as rain from October to April.  This study area 

was located in the Coast Ranges Province of Oregon (Franklin and Dyrness 1973), but 

contained vegetation that was a mixture types found in the Coast Range sand the Klamath 

Mountains Province (south of Roseburg, Oregon).  Forests were dominated by Douglas-

fir, western hemlock, and western red cedar, but more southern areas were more typical 

of  Klamath Mountains Province with mixed-conifer forests of grand fir (Abies grandis), 

Douglas-fir, sugar pine (Pinus lambertiana), incense cedar (Calocedrus decurrens), 

golden chinquapin (Castanopsis chrysophylla), live oak (Quercus spp.), and pacific 

madrone (Arbutus menziesii).  Forests on most non-federal lands were characterized by 

younger stages of forest growing on cutover areas (<79-yr-old stands).  Lands 

administered by the BLM had not been as extensively harvested as non-federal lands, and 
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included a diverse mix of young forests on cutover areas and older unlogged forests (80-

450 years old). 

The Southern Cascades Study Area (CAS) (3,375 km
2
) was located in the 

Cascades Mountains in southern Oregon and included lands in the Klamath Resource 

Area of the Lakeview District BLM, the Rogue River National Forest, the Galice and 

Illinois Valley Ranger Districts of the Siskiyou National Forest, the Tiller Ranger District 

of the Umpqua National Forest, and the Klamath Ranger District of the Winema National 

Forest.  About 25% of the area was covered by subalpine forest, foothill woodlands, or 

nonforest cover types that did not provide habitat for Northern Spotted Owls.  Lands 

administered by the BLM were typically intermingled with private forest lands in a 

checkerboard pattern of alternating square mile sections of land ownership, in which 

most private lands had been logged and remnant old forests were largely restricted to 

BLM lands.   Elevations ranged from 808-2134m.  Climate was moderate and maritime 

with characteristically hot, dry summers and cool, moist winters (Baldwin 1973).  

Persistent winter snow cover at elevations > 1500m was common.  Precipitation occurred 

primarily during October-May with considerable local variation resulting from 

topographical effects and rain shadows.   The study area included portions of the mixed-

evergreen, mixed-conifer, and true fir vegetation zones (Franklin and Dyrness 1973), and 

included Douglas-fir, white fir (Abies concolor ), tanoak, Shasta red fir (Abies magnifica 

shastensis), and western hemlock .  Prior to fire suppression efforts beginning during the 

1920s, forests at moderate to low elevations developed under conditions of relatively 

frequent fires of low intensity (Agee 1993).  This fire history created uneven-aged forests 
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that are now harvested by both selective methods and clear-cutting (USDA and USDI 

1994). 

Field Methods  

 

 Age-specific annual survival probabilities were estimated for the 6 study areas 

using mark-recapture methods for owls monitored for 12-20 years.  Field methods 

followed Franklin et al. (1996), and data collection was standardized across all areas for 

all years (Anthony et al. 2006).  For the purpose of this study, “capture” was defined as 

the physical capture of an individual or visual identification of marked owls with unique 

color-bands in subsequent years.  Capture histories were developed for banded 

individuals > 1 year old, noting sex and age class (1-year old, 2-year old, or adult).   

Because some of the weather data used in the analyses were spatially explicit, I 

developed capture histories for each individual owl that were both territory- and year- 

specific.  If a bird moved to a new territory, I then constructed a new capture history 

using the “losses on capture” notation on the initial capture history to account for the 

movement and document continued survival of that owl (Jolly 1965).   

Hypothesized Effects of Climate on Northern Spotted Owl Annual Survival 

 

 I developed 8 biological hypotheses regarding the effects of seasonal, annual, and 

multi-year weather and climate patterns on annual survival rates of northern spotted owls 

(Table 2.1).  I then defined weather and climate covariates to include in the models 

(Table 2.2) and built statistical models representing the biological hypotheses (Appendix 

A).  Because annual survival may be affected by weather conditions occurring at specific 

times of year and during important life history periods of the owl, I used covariates from 
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5 seasonal periods that are potentially important for spotted owls (Franklin et al. 2000, 

Olson et al. 2004).  The 5 seasonal periods of interest were winter (November-February), 

early nesting (March-April), late nesting (May-June), summer (July-August), and 

dispersal (September-October).  I also considered annual and multi-year time periods.  

Because I predicted that relations between survival and weather variables might not be 

linear, I evaluated linear, pseudo-threshold (log-linear), and quadratic relations 

(precipitation only) between survival and many of the weather variables.  For the 

quadratic relation with precipitation, I predicted that survival would be highest at normal 

(mean) levels of precipitation, and would decrease as precipitation levels increased or 

decreased from normal levels. 

 Previous studies have suggested that spotted owl survival was affected by 

temperature and precipitation during winter and nesting seasons, and that weather can be 

a major component of temporal variation in demographic rates (Franklin et al. 2000, 

Seamans et al. 2002, LaHaye et al. 2004, Olson et al. 2004, Dugger et al. 2005).   Owl 

survival may be negatively affected by cold, wet weather as a result of declines in small 

mammal populations (Hüiti et al. 2003, Rödel et al. 2004), decreased activity by small 

mammals (Martin 1973, Vickery and Bider 1981, Scheibe 1984, Lindsdale and Tevis 

1951, Wells-Gosling and Heaney 1984), or increased metabolic demands.  Data on small 

mammal abundances or population trends for my study areas were not available.   I 

therefore used weather and climate variables as surrogates for prey availability. 

Based on published literature, I hypothesized that survival would be (1) 

negatively related to winter precipitation, (2) positively related to winter temperature, (3) 
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negatively related to nesting season precipitation, (4)  positively related to nesting season 

temperature, or (5) related to both precipitation and temperature conditions in winter and 

nesting seasons combined (Table 2.1).  My statistical models representing these 

hypotheses (Appendix A) examined effects of temperature and precipitation separately 

and in combination for each seasonal period (winter, early nesting, late nesting).   

Although very wet winter and nesting season conditions may negatively affect owl 

survival, very dry/drought conditions may also have a negative effect by reducing spotted 

owl prey populations.   I anticipated that the effects of winter and nesting season 

temperature and precipitation would most likely occur at high elevation study areas 

(HJA, CAS, OLY, CLE) where conditions in the winter and nesting seasons were more 

severe.   In addition, I also predicted that effects of weather may vary spatially within 

study areas with changes in slope, elevation, lake effects, and rain shadows.  I used a 

hierarchical approach to evaluate this hypothesis.  I modeled individual seasons and 

single weather covariates first, considering linear, threshold, quadratic forms of each 

model.  After determining the best form of the simple models, I then investigated 

combinations of seasons and weather covariates. 

Similar to my first hypothesis, I reasoned that heavy snow or heavy snow in 

combination with cold temperatures would have a negative effect on owl foraging 

success and consequently, survival (Hypothesis 2, Table 2.1).  As with Hypothesis 1, I 

expected that owls on high elevation study areas that receive greater snowfall were more 

likely to be affected.  In fact, at TYE and OCR prolonged snow cover was an uncommon 

occurrence during the study period.   
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 Extreme weather events are generally considered to be random catastrophes that 

can cause high mortality.  Even during a season of relatively average temperatures and 

precipitation, severe weather events may negatively affect owl survival either through 

direct mortality, reduced foraging success (Forsman et al. 1984), or decreases in prey 

populations (Neuhaus et al. 1999).  Such events have not been addressed in previous 

analyses of spotted owl demography.  I hypothesized that increased numbers of severe 

storms would have negative effects on owl survival, particularly during winter and 

nesting seasons (Hypothesis 3, Table 2.1).  In addition, I hypothesized that stormy 

conditions in combination with cold, wet winter and nesting seasons would negatively 

affect owl survival (Hypothesis 4, Table 2.1). Hypothesis 4 was similar to Hypothesis 1 

in many respects, but I kept it a separate hypothesis to specifically examine the 

contributions of storm events in combination with temperature and precipitation.  In 

general, coastal sites (OCR, OLY) experienced the highest storm frequency.      

 Although severe winter conditions may limit prey populations or foraging 

efficiency, longer-term (annual, growing season) conditions that promote high primary 

productivity may result in increased small mammal populations and increased owl 

survival (LaHaye et al. 2004) (Hypothesis 5, Table 2.1).   Correspondingly, owl densities 

(Strix uralensis) in Finland were shown to rapidly track vole populations with minimal 

lag between decreases in prey and decreases in owl density (Korpimäki 1994).  Warm, 

wet conditions generally increase primary productivity, while drought conditions are 

generally associated with decreases in small mammal populations (Spevak 1983).  In the 

northern portion of the spotted owl’s range, northern flying squirrels (Glaucomys 

sabrinus) are the dominant prey species while woodrats (Neotoma fuscipes, N. cinerea) 
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and red tree voles (Arborimos longicaudus) comprise a larger portion of the diet in the 

southern portions of its range (Forsman et al. 2004).  Hypogeous fungi are the primary 

diet of northern flying squirrels (Gomez et al. 2005), and these fungi do best under mesic 

conditions (Luoma et al. 2003).  I therefore hypothesized that climatic conditions that 

favor primary productivity and increased prey populations would increase annual survival 

and drought conditions would decrease survival (Hypothesis 5, Table 2.1); however, the 

specific conditions that favor prey population growth likely vary by region.  I predicted 

that short lags may occur between changes in weather conditions and subsequent changes 

in owl survival rates.   

 Although most precipitation in the Pacific Northwest occurs during winter, I 

reasoned that moisture conditions during the growing season (when primary productivity 

is highest) might influence owl survival.  Statistical models representing these hypotheses 

(Appendix A) include a number of variables I thought were likely to affect primary 

productivity including (1) annual precipitation and temperature, (2) temperature and 

precipitation during the growing season, summer, or dispersal season, and (3) drought 

indices.  As in previous hypotheses, I modeled temperature using linear and pseudo-

threshold relationships and precipitation using linear, pseudo-threshold, and quadratic 

relationships.  

 Although it has been suggested that high summer temperatures may reduce 

survival of spotted owls (Weathers et al. 2001), there is no evidence that this is the case 

in the northern part of the range of the spotted owl.   Nevertheless, I decided to test this 

hypothesis by including models that examined survival relative to the number of days 
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with extreme high temperatures during summer (Hypothesis 6, Table 2.1).  I  

hypothesized that owl survival would be negatively related to the numbers of days with 

extreme high temperatures during summer; particularly in southern and drier study areas 

(Hypothesis 6, Table 2.1).  

 Large-scale climate indices provide a different approach to assessing effects of 

weather conditions on populations, and climate indices such as El Niño have been linked 

to weather patterns across broad geographic regions (Stenseth et al. 2002).  In temperate 

zones, local variations in weather are often related to these large-scale atmospheric cycles 

(Krebbs and Berteaux 2006).  Two unique climate patterns affect the variability of 

weather in the Pacific Northwest: the El Niño Southern Oscillation (ENSO) and Pacific 

Decadal Oscillation (PDO) (Parson et al. 2001).  The Southern Oscillation Index (SOI) or 

El Niño/Southern Oscillation (ENSO) is the difference between the seasonally 

normalized sea level pressures of Darwin, Australia and Tahiti.  A negative SOI (el Niño) 

usually relates to a weakening of the Trade Winds in the Pacific.  In the Pacific 

Northwest, this usually brings warmer, drier winters with more rain than snow and less 

total precipitation.  A positive SOI (La Niña) is generally associated with cold, snowy, 

wet winters in the Pacific Northwest.  Although the ENSO fluctuation does not occur 

with strict periodicity, the cycle typically recurs every 3-7 years.  The Pacific Decadal 

Oscillation (PDO) is a long-term pattern of Pacific climate variability with a spatial 

fingerprint similar to ENSO.  It is quantified by spatially averaging the monthly sea 

surface temperature of the Pacific Ocean north of 20° N and then adjusting the average to 

account for global warming (Mantua 2001).  In contrast to ENSO, PDO events typically 

persist for 20-30 years.  Additionally, the climatic fingerprints for PDO are most visible 
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in the North American/North Pacific sector with secondary signatures in the tropics while 

ENSO exhibits the opposite.  In the Pacific Northwest, a positive or warm phase PDO 

generally correlates with lower rainfall and higher temperatures, while a negative or cool 

phase PDO correlates with high precipitation and low temperatures.   

When the SOI and PDO cycle together, the potential for temperature and 

precipitation extremes increases.  A strong negative SOI (El Niño) occurring in 

conjunction with positive, warm phase PDO results in the Aleutian Low-Pressure System 

being strong and shifted to the southeast making winters in the Pacific Northwest warmer 

and wetter (e.g. 1997-8).  Moderate El Niños often result in winters that are warmer and 

drier, but the strongest El Niños reverse the effect on precipitation and make the region 

warmer, but with precipitation levels close to normal.  For most of 1980s and 1990s, the 

PDO remained in the warm phase.  However, it made several dips into negative values 

(cool phase) during that time.  The length of the PDO cycle was shorter in the late 1990s 

than at any other time in the 20
th

 century.  I predicted that spotted owl survival may be 

related to SOI or PDO.  I hypothesized that phases of these climate cycles that are 

positively associated with primary productivity should positively affect owl survival, 

although there may be a lag between given climate cycle phase and effects on owl 

survival (Hypothesis 7, Table 2.1).  My statistical models (Appendix A) examined effects 

of the 2 indices separately and in combination.   

 Based on the results of demographic studies of northern, California, and Mexican 

spotted owls that reported varying degrees of climate effects, I predicted that there would 

be spatial differences in climate effects among  study areas (Hypothesis 8, Table 2.1).  

Franklin et al. (2000) found that the rate of population decline under cold, wet conditions 
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in poor quality habitat was greater than in moderate and high quality habitats.  Although I 

did not specifically address habitat quality, differences in habitat within and among study 

areas likely affect the influence of climatic factors on owl vital rates.  Owls occupying 

coastal sites may benefit more from warm, wet conditions that promote high populations 

of small mammals, while owls at northern and high elevation sites may be negatively 

affected by cold, wet winter and nesting season conditions.  Survival of spotted owls on 

the more arid eastern and southern study areas may be more limited by drought 

conditions.   

Climate Data  

 

I obtained weather and climate data for the 6 study areas at a variety of spatial and 

temporal scales (Table 2.2).   To assess temperature and precipitation, I used PRISM 

maps (Parameter Elevated Regression on Independent Slopes Models) from the Spatial 

Climate Analysis Service, Oregon Climate Service, Oregon State University.  These 

maps were generated using an analytical model that uses point (weather station) data and 

a digital elevation model (DEM) to generate a raster-based digital map (4 km
2
 grid cell 

size) of mean monthly minimum temperature (TMIN), mean monthly maximum 

temperature (TMAX), and monthly precipitation (PRECIP) for the conterminous United 

States from 1895-present.  These data incorporate elevation, aspect, topographic effects, 

rain shadows, and lake and coastal effects, thereby providing more site-specific climate 

data than was available for previous modeling exercises (Daly et al.1994).  Although the 

PRISM models use weather station data, the spatial modeling process helped to account 

for missing data and differences in elevation between weather stations and owl territories 
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that have presented challenges in previous studies that examined effects of weather on 

spotted owls.  The 4 km
2
 resolution of the PRISM data was similar in size to an owl 

home range size (Glenn et al. 2004), providing relatively site-specific temperature and 

precipitation data.   

 Because spatial climate maps are created using relatively few data points 

(weather stations) to model weather over large areas (regions, continents), there is not a 

satisfactory method for quantitatively estimating errors in these data sets (Daly 2006).  

Accuracy of spatial climate maps is a function of the number of weather stations used, 

quality of weather station data, and spatial modeling techniques used.  Western Oregon 

and Washington have a relatively large number of weather stations and the PRISM 

method accounts for more spatial climate factors than other methods of modeling climate 

(Daly 2006).  Although there are no accuracy statistics associated with the PRISM maps 

(see Glenn and Ripple 2004) , I believed that they were more appropriate than weather 

station data for evaluating the effects of weather on spotted owls because they accounted 

for spatial factors that influence weather.   

 The PRISM maps I obtained from the Oregon Climate Service 

(http://www.ocs.oregonstate.edu/prism/products/matrix.phtml ) included monthly mean 

minimum temperature, monthly mean maximum temperature, and monthly precipitation 

for 1984-2005.  I used a GIS (ArcGIS, Redlands, CA) to combine monthly maps into 

maps that reflected weather conditions in each of the seasonal and annual periods that I 

examined in my models.   For TMIN and TMAX, I averaged values across months to get 

mean temperatures.  For PRECIP, I summed values across months to get total 

precipitation.  Capture and resighting surveys were conducted in spring of each year at all 

ftp://ftp.ncdc.noaa.gov/pub/data/prism100
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6 study areas; I therefore defined annual periods from Jul 1-Jun 30 as the time period for 

which annual survival was estimated.  I defined the growing season as late nesting season 

– dispersal season (May-Oct).  To obtain temperature and precipitation data from PRISM 

maps for individual capture histories, I used GIS to combine year-specific activity center 

coordinates for each capture history with time-specific PRISM climate maps for the 

temperature and precipitation periods of interest.  Activity centers were known nest 

locations, primary roost sites, or night responses (Olson et al. 2004).  Because the PRISM 

maps had a grid cell size of 4 km
2
, I used a single activity center for most owl territories 

for all years.  However, if an owl used a nest tree that was > 4km from nests used in 

previous years, I used the new location for assessing temperature and precipitation for 

that owl for in that year.  

Because PRISM maps provided only monthly precipitation and mean monthly 

temperature data, I used National Oceanic and Atmospheric Administration (NOAA) 

weather station data obtained from the National Climatic Data Center (NCDC) to 

determine total annual snowfall (TOTAL SNOW) and the total number of days each year 

with a maximum daily temperature > 32ºC ( #  DAYS ≥ 32˚C ºF)  for the 6  study areas.  

Each study area contained 4-13 weather stations located in areas that contained owls that 

consistently recorded monthly snowfall and # DAYS ≥ 32 ˚C for the time periods of 

interest.  I averaged data across stations to obtain a single measure of TOTAL 

SNOWFALL and # DAYS ≥ 32 ˚C for each study area for each year.   

To assess the number of storms occurring on each study area, I tallied the number 

of days where storm conditions occurred during seasons of interest for each study area.  I 

obtained storm data from the National Climatic Data Center (NCDC) Storm Database, 



35 

 

 

which included precipitation, temperature extremes, snow and ice, and high winds and 

thunderstorms.   NCDC Storm Data is an official publication of the National Oceanic and 

Atmospheric Administration (NOAA) which documents the occurrence of storms and 

other significant weather phenomena having sufficient intensity to cause loss of life, 

injuries, significant property damage, and/or disruption of commerce.  It is also a partial 

record of other significant meteorological events, including records of maximum or 

minimum temperatures or precipitation that occurs in conjunction with other events.  

Storm data were generally organized by state and county.  Therefore, I was able to tally 

storm events separately for each study area.  Data for storm events occurring prior to 

1993 were obtained from paper copies of storm reports provided by the Oregon Climate 

Service.  I downloaded storm events for 1993-2004 from the NCDC on-line storm 

database (http://www.ncdc.noaa.gov/oa/dataaccesstools.html#climate ).   

I used the Palmer Drought Severity Index (PDSI) to measure drought conditions 

during the growing season on the 6 study areas. The PDSI provides a measurement of the 

deviation of moisture conditions from normal (30-year mean: 1970-2000) that is 

standardized so comparisons can be made across regions and over time.  Values range 

from –6 (extreme drought) to +6 (extremely wet), with 0 representing near-normal 

conditions.  The index is calculated separately for climate regions within each state.  I 

obtained monthly values of the PDSI for 1984-2004 for each climate region in Oregon 

and Washington from the NCDC website.   I averaged monthly values to obtain means 

for owl phonological periods, growing season (May-Oct), and annual PDSI values for 

each study area.    

http://www.ncdc.noaa.gov/oa/dataaccesstools.html#climate
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Monthly values for the SOI and PDO indices were obtained from NOAA/National 

Weather Service, Climate Prediction Center http://www.cpc.ncep.noaa.gov/data/indices/), 

and Joint Institute for the Study of the Atmosphere and Ocean at the University of 

Washington (http://jisao.washington.edu/pdo/PDO.latest ), respectively.  I averaged 

monthly values to obtain annual (Jul 1- Jun 30) and winter (SOI:Jun-Nov, PDO:Oct-Mar) 

measures of the indices.    I considered effects of these cycles in both current and 

previous years on annual survival. 

Demographic Model Development 

 

 I used an information theoretic approach (Burnham and Anderson 2002) to 

evaluate hypotheses regarding the effects of climate on apparent survival rates using 

methods similar to Franklin et al. (2000) and Olson et al. (2004).  This approach uses 

likelihood theory and focuses on the relationships of variables, size of effects, and 

estimates of precision.  Additionally, the plausibility of competing models can be ranked 

according to the likelihood of any model, given the data (Burnham and Anderson 2002).  

I used Akaike’s information criteria adjusted for small sample size (AICc) to identify the 

most parsimonious climate models from each set of candidate models for each study area.   

I used AIC weights (w) to address uncertainty in selection of top models.  Because I was 

interested in the relative support for different hypotheses regarding effects of climate on 

annual survival, I used a multi-model inference approach and model-averaged parameter 

estimates from the set of models with ∆AICc ≤2.0 (Burnham and Anderson 2002). 

 With the exception of combined temperature, precipitation, and storm effects in 

winter and nesting season (hypotheses 1,4 in Table 2.1), my a priori hypotheses 

http://www.cpc.ncep.noaa.gov/data/indices/
http://jisao.washington.edu/pdo/PDO.latest
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contained only single season or annual effects and did not contain interactions between 

demographic and climate covariates.  Although I predicted that survival could be affected 

by different weather conditions in different seasons, it was difficult to develop a priori 

hypotheses regarding these combinations without first knowing which weather and 

climate factors were most important at each study area.  Therefore, I did not consider 

combinations of different seasonal weather hypotheses until I first evaluated my a priori 

models.  In order to assess support for each a priori hypothesis, I summed AICc weights 

for the statistical models under each hypothesis.   After identifying top and competing 

models, I then examined a small number of additional models that contained 

combinations of factors from the original a priori models as long as the combinations 

made biological sense.  I also examined interactions between demographic factors (age, 

sex, reproduction, and presence of barred owls) and climate in the top models.  My final 

set of models included both the a priori and a small number of posteriori models.   

Individual Study Area Analysis 

 I used Cormack-Jolly-Seber open population models in program MARK (White 

and Burnham 1999) to estimate apparent survival and recapture probabilities (Anthony et 

al. 2006, Franklin et al. 2000, Olson et al. 2004) from territory- and year-specific capture 

history data for each of the 6 study areas.  I modeled survival for each study area 

separately to assess local climate covariates and compare top models across study areas.  

The capture history provided the basis for parameter estimation and hypothesis testing 

(Franklin et al. 1996).  Capture histories included sex and age class of all banded owls on 

each study area.  Owls were assigned to 1 of 3 age classes (1-year old, 2-year old, adult) 

when first captured on a territory.  Only owls ≥1-year old were included in the analysis 
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because previous studies have shown that estimates of juvenile survival are affected by 

emigration (Forsman et al. 2002, Anthony et al. 2006).   

 I used a multi-step strategy to develop models for apparent survival.  First, I 

developed a set of a priori biological hypotheses regarding the influence of weather and 

climate on annual survival.  Second, I evaluated base models for apparent survival and 

recapture probabilities at each study areas that accounted for effects of age, sex, time, and 

other non-climate factors that may affect survival and recapture (Appendix B).  I included 

a barred owl covariate (BO) that was the proportion of territories where barred owls were 

detected each year (Anthony et al. 2006) because I hypothesized that the presence of 

barred owls may negatively affect spotted owl survival.  I also included a year-specific 

reproduction (REPROD) covariate which was the mean number of young produced per 

female owl on each study area  (Anthony et al. 2006), as the energetic requirements of 

raising young may decrease adult survival.   Additionally, I included a covariate that 

measured the east-west gradient within each study area (East-West).  This covariate was 

calculated by setting the East-West UTM coordinate of the westernmost territory at 0 and 

measuring the distance on the easterly axis (km) to the remaining territories.  In addition 

to variation in weather on an east-west gradient, most study areas also had differences in 

vegetation between the eastern and western portions because of elevational differences or 

rain-shadow effects.  After identifying the top base model structure for each study area, I 

added weather and climate covariates to the base models to evaluate the a priori 

hypotheses regarding the effects of weather and climate.   
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 My overall approach for evaluating models using Program MARK was as 

follows: (1) develop a priori hypotheses regarding the effects of weather and climate on 

apparent  survival, (2) evaluate goodness-of-fit and estimate an over-dispersion parameter 

(ĉ) for each data set using program RELEASE, (3) estimate capture probabilities (p) 

using candidate models containing non-climate covariates, (4) develop and evaluate base 

models for apparent survival using non-climate covariates and top base model structure 

for p,  (5) evaluate weather and climate models using the top base model structure for 

apparent survival and p, (6) if needed, adjust the covariance matrices and AICc values 

with ĉ to obtain QAICc values, and (7) select appropriate models for inference based on 

AICc/QAICc model selection (Burnham and Anderson 2002).   In cases where I 

considered different forms (linear, pseudothreshold, quadratic) of relationships between 

response and explanatory variables (e.g. nesting PRECIP), I first compared the forms in 

univariate models.  I then used the best form of that covariate in multivariate models (e.g. 

nesting PRECIP +nesting TMIN).  If different forms were <2.0 AICc units different for 

univariate models, I created multivariate models with all competing forms.  Hence, the 

total number of statistical models considered for each study area differed.   

Meta-Analysis 

 In addition to evaluating the effects of climate on apparent survival for individual 

study areas, I performed a meta-analysis of apparent survival with the 6 areas combined 

in order to identify the weather and climate factors that accounted for the greatest amount 

of variation in apparent survival across all 6 study areas.  Combining data across areas 

increases the power to detect effects and reveals more structure in the data (Burnham et 

al. 1996).  For this analysis, I used capture histories for adult owls (>3 years old) and 
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restricted the analysis to the years common to all 6 study areas (1991-2001).  I used 

program U-CARE (Choquet et al. 2004) to assess goodness-of-fit of the global model: 

phi (study area*sex*time) p (study area*sex*time).  I used the same model selection 

procedure for the meta-analysis as for the individual study area analysis.  Base models 

included effects of study area, sex, presence of barred owls, reproduction, as well as east-

west and north-south effects (Appendix D).  The east-west and north-south effects were 

continuous variables representing UTM coordinates for individual territories across the 6 

study areas.  For the meta-analysis, I used a reduced set of the a priori hypotheses and 

statistical models based on the top and competing models from the individual study area 

analysis.   

Variance components  

 I conducted a variance components analysis (VCA) to assess the relative 

contribution of weather and climate to the amount of variability explained by the top 

models at each study area.  I used a random effects model approach (Franklin et al. 2000, 

Olson et al. 2004) and the variance components module in Program MARK (White et al. 

2002).  I first separated process variance (σ
2
) from sampling variability (Var (𝜑  | 𝜑 ), and 

then separated σ
2
 into separate model components.  Process variance included variability 

from all sources and could therefore be partitioned into σ
2
 = σ

2
 MODEL + σ

2
 RESIDUAL.  The 

proportion of variability explained by each model was expressed as a percentage ((σ
2
 

MODEL / σ
2
)*(100).  I further partitioned  σ

2
MODEL into specific model components and 

expressed their relative contribution  as a percent ((σ
2
/ σ

2
 MODEL) *(100)) of σ

2
 MODEL.  I 

assumed that there was no covariance associated with model components and variance 

components were additive.   
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 Temporal process variance (σ
2
 TEMPORAL) was estimated using an intercept-only 

model with time-specific survival estimates and the best structure on capture probabilities 

in Program MARK (model: {φ (time)p(best)}).  The amount of temporal variability 

accounted for by climate was estimated by including the climate variables from the top 

climate model in the random-effects model and subtracting the residual variance from 

this model from the residual variance from the intercept-only model.  Spatial variability 

(σ
2
 SPATIAL) was estimated using the intercept-only random effects model and territory-

specific survival estimates and the best recapture structure (model {φ (territory) p(best)}).  

I followed the methods of Franklin et al. (2000) and Olson et al. (2004), using a 

regression approach where sampling error was estimated  relative to the estimated  

territory-specific survival.  The amount of spatial variability attributed to model 

covariates was estimated as the empirical variance of the predicted estimates of survival 

(φ (territory)) from the model containing the covariate of interest: 

σ
2
 climate-spatial =

 (𝜑𝑗 − 𝜑 )𝑛
𝑖=1

𝑛−1
 

where n = number of territories (Olson et al. 2004).  Total process variance for survival 

was estimated as σ
2
 SPATIAL + σ

2
 TEMPORAL.  

Results 

 

 Between 1985-2005, owls were banded on a total of 887 territories on the 6 study 

areas for a total of 3555 territory-specific capture history records (Table 2.3).  Starting 

dates for mark-resighting studies at the 6 areas were 1985 (TYE), 1987 (OLY), 1989 

(CLE), 1990 (OCR, HJA) and 1991 (CAS).  Owls were monitored through 2005 on all 

study, but I only had data through 2001 for OLY.  OCR had the largest number of capture 
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history records (865), while CLE had the fewest (324).  With the exception of OCR (ĉ = 

1.66), I did not find overdispersion in my capture history data (ĉ = 0.0-1.03).  

Consequently, I used QAICc to evaluate models for OCR and AICc to evaluate models 

for other areas.  Recapture rates were generally high at all study areas (range: 0.78-0.98).  

Barred owl presence (BO) (Figure 2.2a,b)  increased over the monitoring period from 

virtually no barred owls in the 1980s to detections of barred owls at 20-40% of the 

spotted owl territories at all study areas by 2003-2005.  Reproduction (REPROD) 

followed a distinct even-odd year pattern in Oregon from 1991-1999 and in Washington 

from 1991-1997 (Figure 2.2c, d).  Reproduction was high in even numbered years (e.g. 

1992) and low in odd years.  This cyclic pattern in reproduction tended to wane in 2000-

2004, with the exception of the South Cascades area (Figure 2.2). 

Temperature and precipitation varied among years and study areas.  Daily mean 

temperature (average of TMIN and TMAX values) at owl territories was highest at TYE 

(=11.50 ˚C , SE= 0.192, n = 133) and OCR ( = 11.84 ˚C , SE= 0.135, n = 212) and 

lowest at CLE ( = 5.58 ˚C , SE = 0.127, n =87) and CAS ( = 7.28 ˚C , SE = 0.094, n 

=161) (Figure 2.3A).  OCR and TYE were consistently the warmest and CLE and CAS 

were consistently coldest, with temperatures at HJA and OLY falling midway between 

the warmer and colder sites for the duration of the study period.   CAS (cv = 0.165) and 

OLY (cv = 0.152) had the greatest variation in temperature across individual owl 

territories.  Mean annual precipitation was highest at OLY (= 287 cm, SE=15.04, n 

=160) and lowest at CAS ( = 114 cm, SE = 7.97, n = 87).  CAS, CLE, and TYE were 

relatively dry compared to OLY, OCR, and HJA (Figure 2.3B).  OLY was consistently 
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wetter than all other areas.  In fact, OLY received more precipitation during its driest 

years than most other study areas received during their wettest years.  OLY also had the 

greatest variation in precipitation among owl territories (cv = 0.405), while TYE had the 

lowest (cv = 0.098).  Although patterns varied by area, 1996-7 and 1998-9 were generally 

the wettest years while 1991-2, 1992-4, 2000-1, and 2004-5 were the driest.  Similarly, 

1991-2 and 2003-4 were warm years; however, there was not a consistent pattern for cold 

years across study areas.  Temperature and precipitation varied seasonally as well as 

annually (Figure 2.4 A,B,C), with high precipitation in winter and early nesting season 

and relatively dry conditions during the late nesting-dispersal seasons at all areas.  

Differences between summer and winter temperatures were greatest at the higher 

elevation areas (CLE, CAS, HJA) and less at the lower elevation coastal sites (TYE, 

OCR, OLY).   Relative to the other areas, TYE was warm and relatively dry in all 

seasons, OCR was wet with moderate temperatures year-round, HJA was moderate in 

both temperature and precipitation, CAS and CLE were dry with cold winters but warmer 

summers, and OLY was cool and wet with the lowest maximum daily temperatures 

(TMAX). 

 The highest storm frequencies occurred in 1994-1998 at almost all areas which 

was consistent with the number of years with highest precipitation (Figure 2.5A).  The 

OCR study area, which was the most coastal of the 6 areas had the greatest # of storm 

days per year over the duration of the study (  = 20.4, se = 2.13, n = 15 years), while 

CAS had the fewest ( = 7.52, SE= 0.73, n=14 years).  Years with high amounts of 

TOTAL SNOW varied by area, and did not track closely with PRISM PRECIP trends 

(Figure 2.5B).  There was no consistent pattern for TOTAL SNOW across study areas, 
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although CAS and CLE tended to follow a similar pattern with years of high snowfall in 

1993, 1999, and 2002.  Snowfall was consistently highest at CLE; variable at HJA, CLE, 

and OCR; and low at OLY and TYE.  Number of DAYS ≥ 32˚C showed a cyclic pattern 

at most areas between 1993-1999, where even-numbered years (e.g. 1994) had more days 

≥ 32˚C and odd-numbered years had fewer (Figure 2.5C).  This cyclic pattern was much 

more obvious in # DAYS ≥ 32˚C than in PRISM TMEAN or TMAX values.  Overall, 

CAS, HJA, and TYE had the highest # days ≥ 32˚C ° F, while OCR, CLE, and OLY had 

relatively few. 

 During my study, extreme drought conditions were recorded at OCR and CAS in 

1992, at CLE in 1994, and at CLE and CAS in 2000 and 2001 (Figure 2.6 a, b).   

Extremely wet conditions were recorded at TYE, HJA, OLY, and CAS between1994-

1997.  The SOI and PDO indices measured climate conditions at a still larger spatial 

scale, reflecting climate conditions across the Pacific region (Figure 2.6c). Thus, SOI and 

PDO values did not vary by study area.  Strong El Niño conditions (SOI ≤ -1.0) occurred 

in 1986, 1991, and 1997, and moderate El Niño conditions occurred in 1992-1994, 2002, 

and 2004.  The 1997-1998 El Niño was one of the strongest recorded in the 20
th

 century.  

Strong La Niña conditions (SOI ≥ 1.0) occurred in 1988-1989 and 1998-2000.  The PDO 

generally follows a longer cycle than SOI, cycling over decades rather than years.  

During the monitoring period, the PDO remained primarily in a warm phase, but 

switched to cool phase in 1988-1990 and 1998-2001. 

Individual Study Areas 
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Olympic (OLY) 

 The base model at OLY {phi (age + sex + BO + East-West) p (age + time)} 

included effects of age (2 age classes: 1
st
 year subadults, 2

nd
 year subadults + adults), sex, 

barred owl presence, and East-West on survival.  Survival was greater for 2
nd

 year 

subadults and adults than for 1
st
 year subadults and greater for males than for females.  

Survival was negatively associated with the presence of barred owls (β Barred Owl = -6.40, 

SE = 1.57, 95% CI: -9.49 - -3.31) and was higher at more easterly sites (β East-West  = 

0.007, SE =  0.003, 95% CI: 0.001 – 0.013).  There was evidence that males had higher 

apparent survival rates than females (β sex(male) = 0.216, SE = 0.129, 95% CI: -0.037 – 

0.469) as the 95% confidence interval for the sex effect minimally overlapped 0.  

Resighting probabilities were higher for 2
nd

 year subadults and adults than for 1
st
 year 

subadults and also varied over time.   

For the 8 a priori climate hypotheses, the winter-nesting season weather + storms 

hypothesis had the most support (summed AICcw  =  0.46).   However, the primary 

productivity hypothesis (summed AICc w  =  0.19) and the winter-nesting season weather 

hypothesis (summed AICc w  =  0.15) also had some support (Figure 2.7, Appendix C).  

After considering 2 posteriori models, the top climate model at OLY was {phi ( age +sex 

+BO + East-West + winter PRECIP +winter PRECIP
2
  + # winter storm days +growing 

season PDSI)  p (age + time) (Table 2.4).  There were no closely competing models, and 

53% of the weight was on this model.  Additionally, none of the models containing 

interactions between age and climate performed better than the additive forms of the 

model. 
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This model included a quadratic relation between survival and winter 

precipitation where survival was highest around 250cm of winter precipitation and lower 

during wetter or drier winters (Figure 2.8a, Table 2.5).  Survival was also negatively 

related to # of winter storm days and positively associated with wetter-than-normal 

conditions during the growing season as reflected by PDSI (Figure 2.8a, Table 2.5).  

There were two additional models in the confidence set at OLY, although both had 

∆AICc > 2.0.  One was the same as the top model but also included winter TMIN while 

the second was also similar to the top model, but didn’t contain growing season PDSI.  

There was no evidence that survival increased with warmer winter temperatures as the 

95% confidence interval for the winter TMIN broadly overlapped 0 (Table 2.5).     

Cle Elum (CLE)  

 The base model at CLE {phi (age + BO) p (REPROD + BO +East-West)} 

included the effects of age (2 age classes: 1
st
 year subadults, 2

nd
 year subadults and adults 

combined) and barred owls on survival, and REPROD, barred owls and East-West on 

resighting probability.  Survival was higher for 2
nd

 year subadults and adults than for 1
st
 

year subadults (β age =0.998, SE=0.376, 95% CI: 0.249 – 1.725) and negatively associated 

with barred owls (β Barred Owl =-0.347, SE=1.31, 95% CI: -2.91 – 2.22), although the 95% 

CI for BO overlapped 0.  After climate covariates were added to the base model, BO was 

no longer a component of the top survival models.  Resighting was higher on more 

eastern sites, and was positively associated barred owl presence and negatively associated 

with REPROD; however, the 95% CIs for BO slightly overlapped 0.   

 Among the a priori hypotheses, the primary productivity hypothesis received the 

most support (summed AICc W = 0.54) at CLE followed by the winter-nesting season 
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temperature and precipitation hypothesis (summed AICc W = 0.18) (Figure 2.7, Appendix 

C).  As at OLY, the PDSI models within the primary productivity group had the most 

support.  None of the interactions between age and climate performed better than the 

additive forms.  After considering 2 posteriori models, the top climate model at CLE was 

{phi (age + growing season PDSI + # nesting season storms + # nesting season storms
2
) p 

(BO +REPROD + East-West)}, which included effects of drought (growing season 

PDSI) and a quadratic relation with # storms during the nesting season (Table 2.4, Figure 

2.8b).  There were no closely competing models and this model had 44% of the AICc 

weight.  

  Similar to OLY, survival was negatively associated with drier-than-normal 

conditions during the growing season which was reflected by negative values of the PDSI 

(Table 2.5).  During the study period, CLE was drier than normal while OLY was slightly 

wetter according to the PDSI.  Survival was highest when there were approximately 4 

days with extreme weather during the nesting season and decreased when the number of 

storm days was higher or lower (Figure 2.8b, Table 2.5).    

H.J. Andrews (HJA) 

The base model at HJA {phi (age +REPROD) p (age +BO)} included effects of 

age (2 age classes: 1
st
 year subadults, 2

nd
 year subadults and adults combined) and 

reproduction on survival.  Adult owls and 2
nd

-year subadults had higher survival than 1
st
 

year subadults (β age =1.25, SE=0.401, 95% CI: 0.249 – 2.036), and survival was 

negatively related to mean number of young produced/pair/year at the beginning of the 

year ( β REPROD = -1.127, SE=0.231, 95% CI: -1.58 – 0.674).  Resighting probability was 
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higher for 2
nd

 year subadult and adult owls than for 1
st
 year subadults and was positively 

associated with proportion of sites with barred owl detections.   

None of the a priori hypotheses clearly received the most support, with the 

winter-nesting season weather hypothesis (summed AICc W = 0.30), the winter-nesting 

season weather + storm hypothesis (summed AICc W= 0.29), and the primary 

productivity hypothesis (summed AICc W = 0.24) all having approximately the same 

weight (Figure 2.7, Appendix C).  Temperature, precipitation, and the # of storms during 

winter and early nesting season as well as temperature and precipitation during summer 

and dispersal seasons were the climate covariates in top models for each hypothesis.   

After considering 7 posteriori  models, the top climate model at HJA was {phi (age + 

REPROD + early nesting PRECIP + # nesting season storms + # nesting season storms
2
 

+ summer TMAX) p (age +BO)} (Table 2.4).  This model had 64.5% of the AICc w, and 

there were no closely competing models, and this model had.  None of the models 

containing interactions between age and climate performed better than additive forms of 

the models.  The top model included a positive relationship with early nesting PRECIP, a 

quadratic relation with # nesting season storms, and a positive relation with summer 

TMAX (Table 2.5, Figure 2.8c).   

Oregon Coast Range (OCR)   

The base model at OCR {phi (s1, s2=adult +REPROD) p (REPROD + BO + East-

West)} included effects of age (2 age classes: 1
st
 year subadults, 2

nd
 year subadults and 

adults combined) and reproduction on survival and BO, REPROD and East-West on 

resighting probability.  Survival was greater for adult and second-year subadults than for 

1
st
 year subadults ( β age  =1.631, SE=0.426, 95% CI: 0.469 – 2.466) and was higher 
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during years with higher reproduction (β REPROD = 0.375, SE=0.254, 95% CI: -0.121 – 

0.873).  Resighting probabilities were higher at more easterly sites and during years with 

higher reproduction.  Resighting probabilities also decreased with increasing levels of 

barred owl detections.   

The a priori hypotheses receiving the greatest weight at OCR were the primary 

productivity and winter-nesting season temperature and precipitation hypotheses 

(summed AICc W  =  0.47, summed AICc W  =  0.34, respectively) (Figure 2.7).  Similar 

to OLY and CLE, survival was positively associated with wetter than normal conditions 

during the growing season. There was little support for the storm hypothesis or the 

winter-nesting weather +storm hypothesis at OCR, despite having the highest incidence 

of # days with storm conditions across the 6 study areas examined.  After considering 4 

posteriori models, the top climate model for OCR {phi (age + REPROD + growing 

season PDSI +REPROD*growing season PDSI) p (BO + REPROD + East-West)} (Table 

2.4).  This model received 26% of the AICc weight and there were 2 competing models.  

The top model included a positive relation between survival and PDSI, as well as an 

interaction between REPROD and growing season PDSI  where the association with 

PDSI on survival was greater in years with lower reproduction (Table 2.5) (Figure 2.8d).  

The 2 competing models both contained growing season PDSI, but also had a negative 

association with of  # days  ≥ ˚C ˚ F (Table 2.4).   

Tyee (TYE) 

The base model at TYE (phi (age: s1, s2=adult) p (sex+T)) included effects of age 

(2 age classes: first year subadults, second year subadults and adults combined) on 

survival and sex and a positive time trend on capture probabilities.  Survival was higher 



50 

 

 

for second-year subadult and adult owls than for first year subadults (β age = 0.857, 

SE=0.252, 95% CI: 0.362 – 1.351).  Capture probabilities were higher for male owls and 

increased linearly over time.   

 The top a priori climate model was phi (age + Annual SOI lagged 1 year + 

Annual PDO lagged 1 year) p (sex +T), which represented the climate cycle hypothesis 

(Table 2.4, Appendix C).  This model was 5.64 AICc units better than the second best 

model, and the AIC w for this model was 0.87 indicating a high likelihood of this being 

the best model, given the data and the set of candidate models.  Furthermore, the summed 

AICc w for all models representing the climate cycle hypothesis at TYE was 0.97 (Figure 

2.7).  Survival was positively associated with both the SOI and the PDO indices (Table 

2.5, Figure 2.8e), with a 1-year lag on both indices.  Positive SOI values represent La 

Niña conditions, while positive PDO values indicate warm phase PDO.  Since no other 

climate hypotheses were competitive at TYE, I did not evaluate additional models 

combining climate effects.  However, I evaluated interactions between age and climate 

covariates for the top model, none of which performed better than additive form.  

Southern Oregon Cascades (CAS) 

 

The base model at CAS { phi (age + time) p (BO+ East-West +REPROD)} 

included effects of age (2 age classes: 1
st
 year and 2

nd
 year subadults combined, adults) 

and time on survival and proportion of sites with barred owls (BO), effect of reproduction 

(REPROD), and east-west gradient (East-West) on resighting probability.  Survival was 

higher for adults than subadults (β age = 1.113, SE=0.266, 95% CI: 0.592 – 1.634).  

Resighting was positively associated with proportion of sites with barred owls.  More 
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easterly sites also had higher resighting probabilities, and resighting probability was 

higher during years with higher reproduction. 

Among the a priori climate hypotheses, models containing winter and nesting 

season weather conditions received the greatest weight (96%) (Figure 2.7).  The winter –

nesting season temperature and precipitation plus storms hypothesis had the most support 

at CAS (summed AICc W = 0.72) followed by the winter-nesting temperature and 

precipitation hypothesis (summed AICc W = 0.24) (Figure 2.8f, Appendix C).  After 

considering  2 posteriori  models,  the top model was {phi (age + winter TMIN + winter 

PRECIP +winter PRECIP 
2
 + # winter storms + # winter storms

2
 + # days≥ 32˚C) p (BO 

+ REPROD + East-West) (Table 2.4).  There were no closely competing models, and the 

best model had 65% of the AICc weight.  None of the models considering interactions 

between age and climate performed better than additive forms of the model. 

Survival was positively associated with winter TMIN, and there was a quadratic 

relation with winter PRECIP and # winter (Table 2.5, Figure 2.8f).  For Winter PRECIP, 

the form of the quadratic relation was opposite of my prediction.  However, the 95% CIs 

slightly overlapped 0 and the overall effect of winter precipitation on survival was 

negative (Figure 2.8F).   

Meta-Analysis 

 I used 2175 encounter histories representing 763 spotted owl territories on the 6 

study areas for the meta-analysis of apparent annual survival.   The time period for which 

capture history data were available for all 6 areas included 1991-2001.  The estimate of ĉ 

from program U-CARE for the global model {phi (sex*area*time) p (sex*area*time)} 

was 1.374.  The top base model for the meta-analysis was {phi (AREA+ time) p (AREA 
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* time)}.  However, because I replaced the time effects with climate covariates in the 

climate models, I used the BO +AREA + BO*AREA base structure on survival (6
th

 

model, ∆ QAICc = 14.93), as climate models containing BO +AREA +BO*AREA 

performed better than climate models containing AREA alone.   

 I evaluated at total of 38 models for the meta-analysis, representing the climate 

cycle, primary productivity, and winter-nesting season temperature /precipitation/storm 

hypotheses (1, 3, and 4).  The climate cycle models accounted for 98% of weight of 

evidence among the set of a priori models.  After considering several posteriori models, 

the top climate model for the meta-analysis was {phi (study area + BO + study area*BO 

+ Annual SOI + Annual PDO + (Annual SOI * Annual PDO) +Annual SOI lagged + 

Annual PDO lagged + (Annual SOI lagged *Annual PDO lagged)) p (study area * time)} 

(Table 2.6).  This model had ∆ QAICc = 0.73 when compared to the top base model and 

accounted for 24% of the AICc weight, suggesting that climate accounted for some but 

not all of the temporal variation in survival.  This model contained associations with 

annual SOI and annual PDO in the current and previous years as well as an interaction 

between the 2 cycles in both time periods.   No other climate models were within 2.0 ∆ 

AICc units of this model, although 5 models (all representing the climate cycle 

hypothesis) were within 5.0 ∆ AICc units.   The 6 climate models accounted for 54% of 

the weight of evidence among all models (summed QAICc weights) while the base model 

accounted for 35%.  Among the climate covariates, annual PDO (lag1) and annual SOI 

(lag1) had the highest relative importance (0.67), followed by annual PDO(0.61) and 

annual SOI (0.55)(Table 2.6).   
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The climate cycle that had the largest effect size on survival was the current year 

Annual SOI, followed by the lagged Annual SOI (Table 2.7).  The interaction between 

Annual PDO and lagged Annual SOI also did not overlap 0.   The beta estimates for 

current year Annual PDO,  lagged Annual PDO, and the interaction between Annual 

SOI- lag1 and Annual PDO- lag1 all had 95% confidence intervals that overlapped 0 

(Table 2.7).  Nevertheless, models including these covariates were considerably better 

than models without them.  Overall, survival was higher when Annual SOI in the current 

and previous year was positive and when the Annual PDO in the current and previous 

year was negative.  These conditions were most prevalent in 1992-1993 and 1996-1997 

(Figure 2.6c).  Additionally, the interaction terms in the top models suggest that survival 

was affected by phase shifts in these 2 cycles.  The most dramatic shift in the 2 cycles 

occurred in 1997-1998.  Survival was high at most areas in 1997-1998 but decreased 

considerably in 1998-1999. 

Variance Components 

 

The relative amounts of temporal and spatial variation in annual survival varied 

across the 6 study areas, as did the amount of process variation accounted for by the  top 

models at each area.  At OLY and HJA, approximately 60% of the variation was 

temporal while 40% was spatial (Table 2.8).  At TYE and CAS, the pattern was reversed, 

with spatial variation accounting for 60% and temporal variation accounting for 40% of 

the total process variance.   At CLE and OCR, most of the process variation in survival 

was spatial (~90%) rather than temporal (~10%).  
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The top models at each area accounted for 0-55% of the total process variance 

(Table 2.8).   The top models accounted for 3-77% of the temporal process variation, with 

climate accounting for 3-66% of the temporal variation.   Climate accounted for the most 

temporal variation at OLY (61.5%) and CAS (66.6%) and accounted for least at TYE 

(17. 6%) and CLE (3.3%).  In general, the amount of spatial variation accounted for by 

the models was low (0-12%), and for areas where the model did account for spatial 

variation (OLY, HJA, TYE) most of the spatial variation was accounted for by owl age or 

the east-west covariate rather than climate.    Spatial variation in temperature and 

precipitation data obtained from PRISM maps appeared to account for very little of the 

spatial variation in survival. 

The top meta-analysis model contained climate covariates that varied temporally, 

but not spatially.  The top model explained 26.6% of the temporal process variation 

(Table 2.8).  Climate explained 93.4% of the model variation and 24.9% of total temporal 

process variation.   

Discussion 

 

Despite extensive research on the biology, habitat use, and population dynamics 

of northern spotted owls, this is the first study to examine the effects of weather and 

climate on the annual survival across a large portion the range of the subspecies.  Some 

of my findings were consistent with earlier studies; however, some of my results suggest 

relationships between annual survival and climate that were not reported in previous 

studies.  In particular, I identified climate effects at larger spatial scales and over longer 

time periods than had previously been considered for this species.  My analyses also 

suggested relationships between apparent survival and  number of storms,  and hot 
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summer temperatures, which have not been documented previously for the northern 

spotted owl.   Furthermore, the climate and weather effects that had the strongest 

association with apparent survival varied among the 6 study areas, as did the relationships 

between specific climate covariates and survival and the amount of variation accounted 

for by climate.  With the exception of TYE and OCR, the top climate models at the study 

areas contained combinations of my original a priori hypotheses.  I was also able to 

examine climate at both study area and region-wide scales, and determined that the 

climate factors associated with survival at the regional level differed from those 

associated with survival on individual study areas.   

The amount of variation in annual survival accounted for by the top climate 

models varied among study areas.  At CLE and OCR, survival varied more spatially than 

temporally, but site-specific weather data failed to account for much of the spatial 

variation.  At HJA and OLY, survival varied more temporally than spatially and climate 

accounted for a fair amount (44.8-61.5%) of the temporal variation.  At TYE and CAS, 

survival varied more spatially than temporally, but not to the degree of CLE and OCR.  

At the latter, the top climate models accounted for moderate amounts of variability (14-

22%).  Overall, the site-specific temperature and precipitation data obtained from PRISM 

maps accounted for only small amounts of the spatial variability in survival.  The 

difference in amount of variation in survival rates in combination with the variety of 

responses to demographic factors across study areas suggest that there are differences in 

life history strategies adopted by spotted owls in different regions, and thus different 

factors affecting the dynamics of owl populations.   
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Demographic and other non-climate factors 

 

My results were similar to previous  studies of northern spotted owl demography 

in that survival rates at all study areas were greater for adults than for subadults (Anthony 

et al. 2006, Franklin et al. 2000, Olson et al. 2004, Dugger et al. 2005),.  Additionally, 

subadult survival rates were more variable than adult survival rates (Table 10).   Adult 

survival was lowest and most variable at CLE and highest and least variable at TYE.  

Subadult survival was lowest and most variable at OLY and OCR and highest and least 

variable at TYE.  These results were consistent with previous studies that reported lower 

and more variable survival at CLE compared to other areas (Anthony et al. 2006, Loschl 

2008).  Numerous studies on other species have found that effects of weather on 

demographic rates can vary by age classes or sex (Schiegg et al. 2001, Altwegg et al. 

2005, Jones et al. 2007, Robinson et al. 2007).  However, despite the differences in 

survival rates between adult and subadult owls, I did not detect interactions between owl 

age and climatic effects. 

My results also indicated that reproductive effort and the presence of barred owls 

were associated with annual survival.  I found effects of reproductive effort on apparent 

survival for 2 areas in the individual study area analyses, with survival being negatively 

associated with mean # young fledged at HJA and positively associated with mean # 

young fledged at OCR.  I predicted that reproductive effort would negatively affect 

survival, thus results at OCR were somewhat unexpected.  Similar to Anthony et al. 

(2006), survival was negatively associated with increases in the proportion of sites with 

barred owl detections in Washington but not in Oregon.   In the meta-analysis, barred owl 

presence was also negatively associated with survival, but at different levels across the 6 
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study areas.   At OLY, there was also a difference in survival along an east-west gradient, 

suggesting that regional differences in vegetation or small mammal communities may 

also have influenced survival.   

Associations with local weather  

 

My first 4 hypotheses expanded on climatic factors that had been identified as 

important in earlier studies of spotted owl survival.  Although I looked at greater range of 

weather variables including storms, snow, and territory-specific temperature and 

precipitation data, my prediction that harsh winter and nesting season conditions would 

be negatively related to owl survival was similar to previous studies.  Prior studies of 

northern spotted owl demography documented that survival was negatively associated 

with cold, wet nesting seasons conditions in northern California (Franklin et al. 2000) and 

wet early nesting seasons in Oregon (Olson et al. 2004).  Although Olson et al. (2004) 

found a negative relation between survival and early nesting season precipitation; they 

also reported a positive relation with late nesting precipitation.    In my individual study 

area analyses, I found some support for the winter and nesting season temperature and 

precipitation hypothesis (hypothesis 1) at HJA, OCR, and CAS.  However, this was the 

top a priori hypothesis only at HJA.  Associations with temperature and precipitation in 

hypothesis 1were similar to those of Franklin et al. (2000) and Olson et al.(2004); 

however, these models generally ranked low relative to models representing different 

hypotheses in my analyses.   Models representing effects of total winter snowfall 

(hypothesis 2), received essentially no support at any study area.  Total winter 

precipitation and total winter snowfall were somewhat correlated (r = 0.41), but models 
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containing total winter precipitation ranked higher than models containing total winter 

snowfall at all areas.     

Storms, on the other hand, represent extreme weather events that had not been 

considered in earlier studies of spotted owl demography.  These effects may be 

fundamentally different than annual or seasonal variation in temperature and precipitation 

(McNab 2006).  Extreme weather events can affect all age classes simultaneously, and 

can have catastrophic effects on populations.  Altwegg et al. (2006) found that survival of 

both juvenile and adult barn owls was negatively associated with extreme winter weather 

conditions, and McDonald et al. (2004) documented negative associations between heavy 

rain and female survival of the Australian brown falcon.   Seabird studies have also 

documented negative effects of weather extremes on survival (Sandvik et al. 2005, 

Sandvik and Erikstad 2008).  I found little support for associations between numbers of 

storms and annual survival (hypothesis 3).  However, when  I considered the number of 

storms in combination with temperature and precipitation during winter and nesting 

seasons (hypothesis 4), these models received the most support at OLY, HJA, and CAS.   

The number of stormy days was only slightly correlated with precipitation; years with 

highest precipitation were not necessarily years with high numbers of storms.  For spotted 

owls, it appears that both stochastic variation in weather and extreme events are 

associated with annual survival in some areas of the species’ range.    

Although the combined temperature, precipitation, and storm hypothesis (4) was 

represented in the top model for OLY, HJA, and CAS, the top model for all 3 areas 

contained a combination of a priori hypotheses.  OLY was by far the wettest of the 6 

study areas, both in winter and on an annual basis, although temperatures were relatively 
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mild year-round.  The east-west covariate accounted for slightly more of the spatial 

process variation (9.2%) than did the spatial climate covariates (7.1%), suggesting that 

factors in addition to weather varied geographically across the study area.  Differences in 

both forest vegetation and spotted owl diets between the eastern and western portions of 

the study area have been documented at OLY (Forsman et al. 2004).  The top model at 

OLY contained components of both the primary productivity hypothesis (6) and the 

combined temperature, precipitation, and storm hypothesis (5).   Survival was highest 

when winter precipitation was at mid-range levels, but also decreased as the number of 

winter storms increased.  Furthermore, survival was positively associated with wetter 

conditions during the growing season.    These patterns suggest that both owls and the 

small mammals they prey on are well-adapted to wet conditions of the Olympic 

peninsula, but that increased occurrence of extreme events or long dry spells can have 

negative consequences on owl survival.   

At HJA, the relationships with climate covariates were all opposite of my a priori 

predictions.  HJA was the highest elevation of the 6 study areas, and the area was 

dominated by mixed Douglas-fir forest.  Although the primary productivity hypothesis 

was not strongly supported at HJA, the positive relation between early nesting 

precipitation may be related to prey population dynamics.  Similarly, the positive relation 

with summer temperature may also reflect conditions that promote abundance of small 

mammals.  The form of quadratic relation with nesting season storms was not consistent 

with any of my a priori hypotheses.  However, there may be different ecological 

processes driving prey population dynamics at HJA relative to other areas.  Only one 

other study examined climate effects on owl survival at HJA (R.G. Anthony et al. 
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unpublished data), and reported that survival was positively related to winter temperature.  

They did not find support for other seasonal weather models at HJA.   

Small mammal populations are often characterized by large annual variations in 

population size driven by food availability, but also exhibit within-year variation in 

population size primarily driven by reproductive strategies (Crespin et al. 2002).  A large 

number of studies have shown small mammal populations are influenced by variation in 

weather (Spevak 1983, Hüiti et al. 2003, Rödel et al. 2004, Neuhaus et al. 1999).  

Furthermore, several species have been found to be affected by the seasonality of weather 

conditions rather than average temperatures or total precipitation (Avery et al. 2005).    In 

contrast to owls, most small mammals have high reproductive rates and highly variable 

survival.  Density dependent factors, predation pressure and climate can all influence 

population dynamics of these species. Spotted owl diets at HJA were dominated by 

northern flying squirrels (45.5%), woodrats (20.0%), rabbits (5.9%), and gophers (4.3%) 

(Forsman et al. 2004).    Each of these taxa have different dietary requirements and may 

respond quite differently to environmental variation. 

Although the number of small mammal studies conducted on my study areas was 

low, Rosenberg et al. (2003) reported that northern flying squirrel and red-backed vole 

abundance during the nesting season at HJA varied more spatially than temporally, while 

deer mice abundance varied temporally.  These patterns suggest that different small 

mammal species may respond differently to environmental conditions, density dependent 

factors, or combinations of both.  Rosenberg et al. (2003) suggested that the different 

patterns of temporal variability for prey species indicated that simple prey relationship 

models were not likely to explain dynamics of demographic patterns at HJA.  
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Furthermore, they suggested that interactions between prey and weather may be 

important and that spotted owls may utilize prey switching strategies in response to low 

numbers of primary prey or alternatively when a secondary prey species becomes 

superabundant.   

The effects of local weather at CAS suggest weather has both indirect and direct 

effects on survival.  Cold winter temperatures can reduce prey abundance or availability, 

and may have direct effects on owls as well.  Survival was highest when winter 

precipitation was fairly low but also increased as the number of winter storms increased.   

These relationships suggest that the timing of winter weather events may be affecting 

survival.  The storm covariate reflected the number of both rain and snow events; 

however, it did not reflect storm intensity.  The negative relation with # days ≥ 32˚C 

summer temperatures indicates that particularly hot summers negatively affect survival, 

either through reducing prey or possible direct effects on owls.   The summer heat stress 

hypothesis generally didn’t receive much support in relation to other hypotheses for the 

individual study area analyses; however, models containing # days≥ 32˚C or summer 

TMAX were competitive models at CLE, HJA, and CAS indicating that summer weather 

affected survival, but may not be the most influential weather factor.      

Associations with regional weather and large scale climate cycles 

 

 The primary productivity hypothesis (5) received the most support at CLE and 

OCR, and also received a fair amount of support at OLY, and HJA.  The Palmer Drought 

Severity Index (PDSI), which measures deviations of moisture conditions from the 30-

year normal, consistently performed better than measures of total precipitation from the 
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same time period, and survival was negatively associated with dry conditions for the 3 

areas where PDSI was a component of the top models (OLY, CLE, OCR).  Fluctuations 

in many small mammal populations have been linked with precipitation levels (Avery et 

al. 2005, Crespin et al. 2002), and spotted owl prey are likely influenced by moisture 

levels during growing seasons.  Franklin et al.(2000), Olson et al. (2004) and Dugger et 

al. (2005) considered drought effects in the context of quadratic relations with 

precipitation during winter and nesting seasons, but did not report support for these 

hypotheses.  Although most precipitation across the range of the NSO occurs during 

winter, none of these studies considered effects on an annual or growing season basis.  

LaHaye et al. (2004) considered effects of annual precipitation during the previous year 

for the California spotted owl; however, they detected no temporal variation in survival 

and thus no associations with climate.  For the Mexican spotted owl, Seamans et al. 

(2002) considered total annual precipitation and precipitation during the monsoon season, 

and determined that survival was positively associated with the total amount of 

precipitation in the previous year for owls in New Mexico.   

Despite differences in forest vegetation, prey base, and the relative amounts of 

variability in subadult and adult survival rates among the study areas (Forsman et al. 

2001, 2004), survival at OLY, CLE, and OCR was positively associated with wetter 

conditions during the growing season.  At CLE and OLY, the top model contained 

components from 2 a priori hypotheses.  At CLE, there was also a quadratic relation with 

storms during the nesting season in addition to PDSI, while at OLY the top model also 

contained associations with winter precipitation and storms.   Forest composition at CLE 

was quite different from OLY and most of the Oregon sites, with mixed conifer forests of 
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grand fir, Douglas-fir, western larch, and ponderosa pine dominating.  Additionally, CLE 

had lower % canopy cover relative to other study areas possibly favoring different 

foraging strategies at CLE.   OLY and CLE were also quite different in amount of 

variation accounted for by climate and the top model.   

 Others (Anthony et al. 2006, Loschl 2008) have suggested that CLE and OCR 

may be at opposite ends of the r/K continuum of life history strategies for spotted owls in 

the Pacific Northwest.  OCR had high annual survival, but lower mean annual 

reproductive output than most other long-term study areas (Anthony et al. 2006, Loschl 

2008).  In addition, the amount of variation in subadult survival was quite high.  CLE had 

lower, more variable annual survival, but high annual reproduction.  Additionally, owls at 

CLE begin reproducing at younger ages than owls at OCR (Loschl 2008), and the amount 

of variation in survival of subadult owls was fairly low.  Both OCR and CLE had high 

spatial and low temporal variation in survival.  Despite the potential differences in life 

history strategies at these 2 areas, neither climate nor other factors in the model 

accounted for much of the variation in survival at either study area.  Habitat has been 

shown to account for variability in annual survival of spotted owls in Oregon (Olson et al. 

2004, Dugger et al. 2005); however, I did not consider effects of habitat in my analysis.   

 Similar to the study areas in Washington, survival at OCR was positively 

associated with wetter-than-normal conditions.  However, climate accounted for little of 

the variation in annual survival at OCR.  Similar to CLE most of the variation in survival 

was spatial rather than temporal.   The interaction between PDSI and number of young 

fledged (NYF) suggests that owls at OCR may be maximizing both survival and 

reproduction during years when environmental conditions are favorable.  The interaction 
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between reproductive output and climate observed at OCR is consistent with a bet-

hedging life history strategy.   In years with low reproduction, annual survival at OCR 

appeared to have a greater negative association with drier growing season conditions.  In 

years of high reproduction, there was essentially no association between growing season 

moisture levels and apparent survival (Figure 2.8d).    

Despite the close geographic proximity of the TYE and OCR, the relationships 

between survival and climate at TYE were different than at OCR, with climate cycles 

(SOI and PDO) clearly outperforming other measures of climate at TYE.   In contrast to 

OCR, TYE had lowest variability in both adult and subadult survival of the 6 areas (Table 

10).  These patterns were consistent with earlier studies that found low variability in 

annual survival rates at TYE (Anthony et al. 2006, Olson et al. 2004).    TYE also had the 

lowest site-to-site variability in temperature (TYE cv = 2.52, mean cv = 10.51) and 

precipitation (TYE cv = 9.80, mean cv = 22.32) of the 6 areas.   Nevertheless, 

environmental variation that affects abundance and availability of prey is likely to affect 

survival rates.  Survival at TYE was highest in years following a phase shift between SOI 

and PDO, where PDO dropped from strong warm phase to neutral or cool phase and SOI 

switched from el Niño to la Niña conditions.   These conditions occurred twice during the 

study period: 1987-1988 and 1997-1998 and owl survival was consequently highest in 

1989 and 1999.   

The meta-analysis suggested that annual survival across the 6 study areas was 

linked to phase shifts in the SOI and PDO.  During periods when the SOI and PDO both 

shifted phase, subsequent changes in survival rates were observed at most of the 6 areas.  

Both high and low values of both climate indices may represent environmental challenges 
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(such as higher incidence of extreme weather events) for owls.  However, without 

knowing how climate cycles affect prey populations and the causal mechanisms that 

consequently affect owl survival, the specific effects of variation in climate cycles on 

spotted owl survival remain unclear.   The difficulties of identifying mechanistic links 

between population dynamics and climate variability is well-documented (Stenseth et al. 

2002); however,  better identifying these mechanisms is critical for better understanding 

the impacts of environmental variation on spotted owl population dynamics 

Ecologists have often had difficulty explaining  why large scale climate indices 

often predict ecological process better than local weather, given that biological process 

affected by climate are often tied to local weather conditions.   However, most local 

measures of weather do not capture complex associations between weather and 

ecological processes, and biological effects of climate are often related to the timing of 

weather events (Hallett et al. 2004).  Furthermore, both high and low values of SOI and 

PDO can reflect energetically challenging conditions (Hallett et al. 2004).  Often, local 

weather covariates are fairly coarse (e.g. monthly means) and may fail to capture the 

necessary characteristics at the appropriate temporal or spatial scale.   In such cases, 

climate cycle indices are often more useful.  Nevertheless, my results did suggest that 

local weather had a significant influence on survival on some study areas, and numerous 

other researchers have also found local weather covariates to be important indicators of 

population trends.  The challenge for ecologists is to identify mechanisms through which 

climate affects ecosystem processes.   

 



66 

 

 

Potential Biases in Estimates of Survival 

 

 Estimates of apparent survival obtained using mark-recapture data can potentially 

be biased as a result of temporary or permanent immigration, heterogeneity in capture 

probabilities, or band loss.  Manley et al. (1999) showed that temporary immigration and 

capture heterogeneity had little effect on estimates of apparent survival for spotted owls.  

Permanent immigration for spotted owls is generally low (<5%) (Forsman et al. 2002), as 

was incidence of band loss (Franklin et al. 1996).  Given the large numbers of owls 

banded and the high resighting probabilities, I believe that biases in my estimates of 

apparent annual survival were low.     

Summary and Conclusions 

 

My results indicated that local weather and regional climate are associated with 

annual survival of northern spotted owls, although the specific climatic factors and the 

amount of variation accounted for by climate varied widely among study areas.  Similar 

to other studies of spotted owl demography, annual survival for adult owls did not vary 

greatly from year to year while reproduction was highly variable, supporting the 

hypothesis that spotted owls follow a bet-hedging life history strategy (Franklin et al. 

2000).  Although local weather appeared to influence survival rates at the higher 

elevation study areas, regional climate patterns accounted for more annual variation in 

survival across the 6 areas.  Changes in survival rates across the 6 areas appeared to be 

related to phase shifts in the PDO and SOI.  In addition, I observed a negative relation 

between survival and drier-than-normal growing season conditions for 3 individual study 

areas.      
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Overall, annual adult survival rates did not vary much at any study area.  

However, both coastal study areas (OCR, OLY) had higher year-to-year variation in 

subadult survival, suggesting possible divergence in life history strategies among regions.  

Numerous investigations of the influence of climate change on avian populations have 

focused on age or experience-related population responses to environmental variation for 

long-lived avian species, (Nevoux et al. 2007).  Unlike a number of seabird studies (Jones 

et al. 2007, Sandvik et al. 2005, Nevoux et al. 2007), I did not find any interactions 

between age and climate covariates in my analyses.  However, the number of subadult 

animals in my samples was low relative to adults and I did not include juvenile owls 

(young of year) in my analyses.   Despite the different patterns I observed, adult annual 

survival was generally high at all areas and did not vary greatly among years.  Given 

these patterns, changes in adult survival rates resulting from variation in weather and 

climate have the potential to have a substantial effect on population growth rates.   

Key to understanding the effects of environmental variation is identifying the 

most appropriate climate variables to use (Hallett et al. 2004).  This requires an 

understanding of the mechanisms through which climate and weather affect population 

processes.  Researchers are also often limited by the climate and weather data that are 

available for time periods and geographic regions of interest.  Measures of local weather 

generally fail to capture complex associations between weather and ecological processes 

(Hallett et al. 2004).   For example, local temperature, precipitation, and storm data for 

my study were only available as monthly totals or means and fail to capture extremes or 

timing of weather events.  Climate indices such as the SOI or PDO better account for the 

holistic nature of the climate system as they are linked to the transient behavior of 
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atmospheric planetary-scale waves, and therefore biological effects may be more strongly 

related to climate indices than to any single local weather variable (Stenseth et al. 2002).  

However, the use of climate indices can make it more difficult to identify the 

mechanisms by which climate affects population processes (Krebbs and Berteaux 2006).  

Krebbs and Berteaux (2006) stressed the importance of developing a priori hypotheses 

with specific mechanisms and alternate hypotheses.  For climate patterns that cycle over 

long time periods such as the PDO, decades of population data may be needed to 

understand the mechanisms through which climate variability influences population 

dynamics.   

 Given that the northern spotted owl is long-lived and well-adapted to 

environmental conditions in the Pacific Northwest, it is not surprising that my hypotheses 

related to prey abundance and availability received greater support than those related to 

direct effects of weather on owl survival.  Franklin et al. (2000) noted that habitat may 

proximately limit spotted owl populations in northern California, but owl abundance is 

ultimately limited by the abundance and availability of prey.  They postulated that high 

quality habitat may buffer owls against negative effects of weather.  Small mammal 

populations have been shown to fluctuate considerably between seasons (Crespin et al. 

2002), and different species of small mammals occupying the same habitats vary in the 

degree of temporal and spatial variability between species (Rosenberg et al. 2003).  At 

this point, the biggest shortcoming is not being able to link climate with the ecological 

mechanisms that affect spotted owl survival.   Despite over 2 decades of research on the 

owl, there are limited data on population dynamics of small mammal species that 

constitute the majority of the diet of spotted owls.  In particular, data on effects of 
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climatic variation on prey across the range of the northern spotted owl are lacking.  

Although numerous studies have linked demographic performance of avian predators 

with fluctuations in global climate cycles, ecologists have often been limited in their 

ability to explain the ecological effects due to lack of understanding of underlying 

mechanisms (see review in Stenseth et al. 2002).   

Northwest forests have been dramatically altered by timber harvest in the 20
th

 

century, and it remains unclear how anthropogenic influences on climate will affect 

forests in this region.  Even on the wetter West side of the Cascade Range, forests are 

often constrained by water deficit during dry summers (Parson et al. 2001).  Most climate 

change models predict warmer, wetter winters and hotter, drier summers across the 

Pacific Northwest (Mote et al. 2008).  Changes in forests in the Pacific Northwest are less 

likely to occur as a result of direct effects of climate change, but rather through indirect 

effects caused fire, insects, and disease (Parson et al. 2001).   Although my models 

suggest that drier summers will negatively affect annual survival of northern spotted 

owls, global climate change has potential to cause fundamentally different climate 

patterns with unpredictable consequences on population processes.   
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Figure  2.1.   Long-term demographic study areas for northern spotted owls in Oregon 

and Washington. 
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Figure 2.2.  Proportion of northern spotted owl territories occupied by barred owls (BO 

covariate) (A,B) and mean number of young fledged per pair per year (REPROD 

covariate) (C,D) used to model effects of barred owls and reproductive output on 

northern spotted owl survival and resighting probabilities in Washington and Oregon.   
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Figure 2.3.  Annual temperature (A) and precipitation(B) measured using  Parameter-

elevation Regressions on Independent Slopes Model (PRISM) maps on 6 northern 

spotted owl study areas in Oregon and Washington, 1985-2005.   
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Figure 2.4.   Seasonal variation in temperature and precipitation at 6 long-term northern 

spotted owl study areas in Oregon and Washington, 1985-2005.   Data are Parameter-

elevation Regressions on Independent Slopes Model (PRISM) records of mean monthly 

maximum temperature (TMAX)(A), mean monthly minimum temperature (TMIN)(B), 

and total monthly precipitation (PRECIP) (C) values averaged across all owl territories in 

a study area. 
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Figure 2.5.  Number of days with stormy conditions (A), total snowfall (B), and number 

of days ≥ 32˚C  (C)on 6 northern spotted owl study areas in Oregon and Washington, 

1985-2005.  Weather data were obtained from National Climatic Data Center.   
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Figure 2.6.  Palmer drought severity index (A,B) and Southern Oscillation  and Pacific 

Decadal Oscillation Indices (C) for 6 northern spotted owl study areas in Oregon and 

Washington, 1985-2005. 
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A. Palmer Drought Severity Index- Washington 
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C. SOI Index and PDO Index 
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Figure 2.7.  Weight of evidence for each of 8 a priori hypotheses regarding effects of 

weather and climate on northern spotted owl annual survival at 6 study areas in Oregon 

and Washington.   
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Figure 2.8.  Estimated annual survival of northern spotted owls in relation to climate at 6 

study areas (A-F) in Oregon and Washington, 1985-2005.  Graphs represent the top 

model for each study area using model-averaged parameter estimates.  Mean values of 

additional climate effects, east-west effects, or demographic factors (BO, REROD) were 

used to plot effects sizes for each specific climate effect. 
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D. OCR 
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Table   2.1.   A priori hypotheses regarding effects of climate and weather on annual 

survival of northern spotted owls in Oregon and Washington, 1985-2005. 
Hypotheses Effects References 

1. Spotted owl survival 

will be negatively affected 

by cold, wet winter and 

nesting season conditions.   

Decreased foraging success of owls in wet 

and/or cold conditions, or direct mortality from 

weather conditions.  Cold, and/or wet 

conditions may also negatively affect prey 

populations.  Effect of cold/wet winter and 

nesting seasons will likely be greater at high 

elevation study areas. 

Franklin et al. 2000, 

Olson et al. 2004, 

Forsman et al. 1984 

2. Spotted owl survival 

will be negatively affected 

by heavy winter snowfall. 

 

Decreased foraging success of owls in heavy 

snow.  Heavy snow may decrease prey 

populations resulting in decreased owl survival.   

 

Sasvari and Nishiumi 

2005 

3. Increased numbers of 

storms will negatively 

affect owl survival. 

Owls have reduced foraging efficiency during 

stormy conditions.  Prey populations may 

decline during periods of high storm frequency. 

 

Forsman et al. 1984, 

Lande 1993, Coulson et 

al. 2001 

4. More storms combined 

with cold, wet winters and 

nesting seasons will 

negatively affect owl 

survival. 

 

Combination of  hypotheses 1,2,  and 3. Coulson et al. 2001, 

Neuhaus et al. 1999 

5.  Survival will be 

positively correlated with 

conditions that increase 

primary productivity and 

prey populations. 

Similarly, drought will 

negatively affect survival 

by decreasing prey 

populations. 

 

Owl survival will be positively related to 

weather conditions that increase primary 

productivity and prey population sizes.  Fungi 

production (primary food of flying squirrels) 

may be positively affected by warm, wet 

summer and fall conditions.  Small mammal 

populations are negatively affected by drought.  

There may be a lag time between weather 

conditions and effect on owl survival.   

 

Seamans et al. 2002,  

Luoma et al. 2003, 

Spevak 1993 

6. Extremely hot summer 

temperatures will 

negatively affect owl 

survival. 

Northern spotted owls are not well-adapted to 

hot conditions and hotter summers may 

decrease owl survival. Hot temperatures may 

also be associated with drought conditions that 

negatively affect prey populations. 

 

Weathers et al. 2001 

7. Survival may be related 

to climate indices 

(Southern Oscillation, 

Pacific Decadal 

Oscillation) that reflect 

regional climatic 

conditions. 

 

Southern Oscillation and Pacific Decadal 

Oscillation Indices reflect both temperature and 

precipitation, both of which may affect owl 

survival and have been linked to large scale 

ecological processes.  There may be a lag time 

between weather conditions and effect on owl 

survival.   

 

Coulson et al. 2001, 

Wilson et al. 2005, Sillett 

et al. 2000  

8. Effects of climate on 

survival will vary across 

the 6 study areas. 

Vegetation, climate, and prey species vary 

across the owls’ range; consequently, effects of 

weather and climate on survival at each area 

likely vary as well.  

Anthony et al. 2006 
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Table  2.2.  Climate covariates included in models of northern spotted owl annual 

survival in Oregon and Washington.  Seasons: Winter: Nov-Feb, Early Nesting: Mar-Apr, 

Late Nesting: May-Jun, Nesting: Mar-Jun, Summer: Jul-Aug, Dispersal: Sep-Oct, 

Growing season: May-Oct, Annual: Jun-Jun. 

 

Variable Full Description Season or time period 

included in survival 

models 

Units Source/Citation 

 

TMIN Spatially distributed 

monthly average 

minimum temperature 

values distributed at a 

resolution of 4km 

measured for individual 

spotted owl territories 

using Parameter-

elevation Regressions on 

Independent Slopes 

Model (PRISM) maps.   

Monthly TMIN 

values were averaged 

to obtain mean 

seasonal values for 

winter, early nesting, 

late nesting, nesting 

(early and late 

combined) seasons. 

C° Near-Real-Time High-
Resolution Monthly 
Average 
Maximum/Minimum 
Temperature for the 
Conterminous United 
States, Spatial Climate 
Analysis Service, Oregon 
State University 

http://www.ocs.oregons

tate.edu/prism/  

 

TMAX Spatially distributed 

monthly average 

maximum temperature 

values distributed at a 

resolution of 4km 

measured for individual 

spotted owl territories 

using Parameter-

elevation Regressions on 

Independent Slopes 

Model (PRISM) maps.  

Monthly TMAX  

values were averaged 

to obtain mean 

seasonal values for 

summer and  

dispersal season. 

C° Near-Real-Time High-
Resolution Monthly 
Average 
Maximum/Minimum 
Temperature for the 
Conterminous United 
States, Spatial Climate 
Analysis Service, Oregon 
State University 

http://www.ocs.oregons

tate.edu/prism/ 

 

PRECIP Spatially distributed 

monthly precipitation 

data distributed at a 

resolution of 4km 

measured for individual 

spotted owl territories 

using Parameter-

elevation Regressions on 

Independent Slopes 

Model (PRISM) maps. 

Monthly PRECIP 

values were summed 

to obtain seasonal 

measures for winter, 

early nesting, late 

nesting, nesting, 

growing season, 

summer, and 

dispersal seasons as 

well as and annual. 

mm Near-Real-Time 

Monthly High-

Resolution Precipitation 

Climate Data Set for the 

Conterminous United 

States, Spatial Climate 

Analysis Service, 

Oregon State 

University 

http://www.ocs.oregons

tate.edu/prism/ 

 

TOTAL 

SNOW 

total monthly snowfall - 

weather station data 

from NOAA weather 

stations. 

 

 

 

 

 

 

total winter snowfall 

(summed monthly 

station data) 

Inches National Climatic Data 

Center (NCDC) 

http://www.ncdc.noaa.g

ov/oa/dataaccesstools.ht

ml#climate  

 

http://www.ocs.oregonstate.edu/prism/
http://www.ocs.oregonstate.edu/prism/
http://www.ocs.oregonstate.edu/prism/
http://www.ocs.oregonstate.edu/prism/
http://www.ocs.oregonstate.edu/prism/
http://www.ocs.oregonstate.edu/prism/
http://www.ncdc.noaa.gov/oa/dataaccesstools.html#climate
http://www.ncdc.noaa.gov/oa/dataaccesstools.html#climate
http://www.ncdc.noaa.gov/oa/dataaccesstools.html#climate
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Table 2.2 (Cont.) 

# 

STORM 

DAYS 

National Climatic Data 

Center records days with 

temperature extremes, 

heavy precipitation 

(rain,snow,sleet), and 

wind. 

Total number of days 

with storm conditions 

during winter, early 

nesting, late nesting, 

and nesting seasons 

as well as  total # 

annual storm days. 

 

# days 

with storm 

conditions  

National Climatic Data 

Center (NCDC) 

http://www4.ncdc.noaa.

gov/cgi-

win/wwcgi.dll?wwEven

t~Storms  

 

 

     

PDSI Palmer Drought Severity 

Index –  Monthly values 

for climate regions.  

Measures deviations 

from 30-year normal 

precipitation values. 

Averaged monthly 

PDSI values for 

growing and 

dispersal seasons. 

index 

ranging 

from 

-6 

(extreme 

drought) 

to 6 

(extreme 

wet) 

National Climatic Data 

Center (NCDC), 

NOAA Satellite and 

Information Service, 

National Environmental 

Satellite, Data, and 

Information Service 

(NESDIS), U.S. 

Department of 

Commerce 

http://www.ncdc.noaa.g

ov/oa/climate/onlinepro

d/drought/xmgr.html#gr   

 

# DAYS  

≥ 32˚C º  

monthly weather station 

data from NOAA 

weather stations 

Total number of days 

with max temperature 

> 32º C 

# days 

with max 

temp > 

32º C 

National Climatic Data 

Center (NCDC) 

http://www.ncdc.noaa.g

ov/oa/dataaccesstools.ht

ml#climate  

 

SOI The El Nino-Southern 

Oscillation (ENSO): 

Quantified using the 

Southern Oscillation 

Index (SOI): Sea level 

pressure at Tahiti minus 

the sea level pressure at 

Darwin, Australia, 

divided by the standard 

deviation of that 

quantity.  

Winter SOI: reflects 

winter conditions 

 

Annual SOI: reflects 

annual conditions 

Index 

centered 

around 

zero.  

Negative 

values: el 

nino, 

positive 

values: la 

nina. 

 

Monthly SOI values 

obtained from 

NOAA/National 

Weather Service, 

Climate Prediction 

Center, 

http://www.cpc.ncep.no

aa.gov/data/indices/  

PDO The Pacific Decadal 

Oscillation (PDO) Index: 

spatially average of  

monthly sea surface 

temperature of the 

Pacific Ocean north of 

20° N.  The global 

average anomaly is then 

subtracted to account for 

global warming. 

Oct-Mar average 

PDO: reflects winter 

conditions 

 

Annual average 

PDO: reflects annual 

conditions 

Index 

centered 

around 

zero.  

Positive 

values = 

warm 

phase, 

negative 

values = 

cool 

phase. 

Monthly PDO values 

obtained from 

http://jisao.washington.

edu/pdo/PDO.latest  

 

http://www4.ncdc.noaa.gov/cgi-win/wwcgi.dll?wwEvent~Storms
http://www4.ncdc.noaa.gov/cgi-win/wwcgi.dll?wwEvent~Storms
http://www4.ncdc.noaa.gov/cgi-win/wwcgi.dll?wwEvent~Storms
http://www4.ncdc.noaa.gov/cgi-win/wwcgi.dll?wwEvent~Storms
http://www.ncdc.noaa.gov/oa/climate/onlineprod/drought/xmgr.html#gr
http://www.ncdc.noaa.gov/oa/climate/onlineprod/drought/xmgr.html#gr
http://www.ncdc.noaa.gov/oa/climate/onlineprod/drought/xmgr.html#gr
http://www.ncdc.noaa.gov/oa/dataaccesstools.html#climate
http://www.ncdc.noaa.gov/oa/dataaccesstools.html#climate
http://www.ncdc.noaa.gov/oa/dataaccesstools.html#climate
http://www.cpc.ncep.noaa.gov/data/indices/
http://www.cpc.ncep.noaa.gov/data/indices/
http://jisao.washington.edu/pdo/PDO.latest
http://jisao.washington.edu/pdo/PDO.latest
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Table  2.3.  Monitoring dates and summary of mark-recapture data for northern spotted 

owls collected on 6 study areas in Oregon and Washington, 1985-2005. 

 

Study 

Area 

Start 

Year 

End 

Year 

# encounter 

occasions 

#  territory-specific 

capture history 

records 

# owl 

territories 

OLY 1987 2001 15 571 160 

CLE 1989 2005 17 324 87 

HJA 1990 2005 16 503 134 

OCR 1990 2005 16 865 212 

TYE 1985 2005 21 723 133 

CAS 1991 2005 15 569 161 

      

Total    3555 887 
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Table  2.4.   Top and competing (∆AICc <5.0) models examining effects of weather and 

climate on annual survival of northern spotted owls for 6 study areas in Washington and 

Oregon, 1985-2005. 

 

Study 

Area  Model AICc 

∆ 

AICc 

AIC 

w K 

OLY 1. {phi (age + sex +BO + East-West + winter 

PRECIP + winter PRECIP
2
 + # winter 

storms + growing season  PDSI) p (age 

+t)} 

 

3085.99 

 
0.00 0.532 24 

 2. {phi(age + sex +BO + East-West +winter 

TMIN + winter PRECIP + winter 

PRECIP
2 

+ # winter storms + growing 

season  PDSI) p (age +t)} 

 

3088.05 2.06 0.190 25 

  3. {phi (age + sex +BO +East-West + winter 

PRECIP + winter PRECIP
2 

+ # winter 

storms) p (age +t)} 

3090.60 4.61 0.052 23 

       

CLE 1. {phi (age + growing season PDSI + # 

nesting season storms + # nesting season 

storms
2
) p (REPROD +BO +East-West)} 

 

1391.10 

 
0.00 0.441 10 

 2. {phi (age + growing season PDSI + # 

nesting season storms + # nesting season 

storms
2
+ # days ≥ 32˚C ) p (REPROD 

+BO +East-West)} 

 

1393.13 2.03 0.16 11 

 3. {phi (age + growing season PDSI) p 

(REPROD + BO  +East-West)} 

 

1393.80 2.70 0.114 8 

 4. {phi (age + dispersal PDSI) p (REPROD + 

BO  +East-West)} 

1395.57 

 
4.47 

 
0.047 8 

       

HJA 1. {phi (age + REPROD + early nesting PRECIP 

+ early nesting storms  + early nesting storms
2
 

+ summer TMAX) p (age +BO) } 

 

2879.72 

 
0.00 0.645 10 

 2. {phi (age + REPROD + early nesting PRECIP 

+ early nesting storms  + early nesting storms
2 

+ summer TMAX + growing season PRECIP) 

p (age +BO)} 

 

 

2881.75 

 
2.02 0.235 11 
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Table 2.4( Cont.) 

 3. {phi (age + REPROD + winter TMIN + winter 

PRECIP + early nesting TMIN + early nesting 

PRECIP + summer TMAX) p(age + BO} 

2884.55 

 
4.82 0.058 11 

   QAICc    

OCR 1. {phi(age +REPROD+ growing season 

PDSI +REPROD*PDSI) 

p(REPROD+BO+East-West)} 

2150.94 0.00 0.26 9 

 

 2. {phi(age + REPROD +  growing season  

PDSI +# days≥ 32˚C ) 

p(REPROD+BO+East-West) } 

 

2152.25 1.31 0.14 9 

 3. {phi(age + REPROD +  growing season 

PDSI +REPROD*PDSI +days≥ 32˚C ) 

p(REPROD+BO+East-West)} 

 

2152.89 1.95 0.10 10 

 4. {phi (age + REPROD + growing season 

PDSI) p(REPROD+BO+East-West)} 

 

2153.94 3.00 0.06 

 
8 

 5. {phi(age + REPROD + growing season 

PRECIP +days≥ 32˚C ) 

p(REPROD+BO+East-West)} 

 

2154.50 3.56 0.04 9 

 6. {phi(age:s2=adult+REPROD+ dispersal 

PDSI) p(REPROD+BO+East-West)} 

 

2155.04 4.10 0.03 8 

 7. {phi (age:s2=adult+ REPROD +growing 

season PRECIP) p (REPROD+BO+East-

West)} 

2155.53 4.59 0.03 8 

   AICc    

TYE 1. {phi (age +  Annual SOI -1 yr lag + 

Annual PDO -1 yr lag) p (sex +T)} 

 

2218.10 0.00 0.870 7 

 2. {phi (age +  Annual SOI -1 yr lag) p (sex 

+T)} 

2223.75 5.64 0.052 6 

       

CAS 1. {phi ( age + winter TMIN + winter 

PRECIP + winter PRECIP
2
 + # winter 

storms + # winter storms
2
 + # days  ≥ ˚C 

F) p (BO +REPROD + East-West)} 

 

 

 

 

2396.33 0.00 0.65 12 
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Table 2.4 (Cont.) 

 2. {phi ( age + winter TMIN + winter 

PRECIP + winter PRECIP
2
 + early nesting 

TMIN + early nesting PRECIP  + # days  

≥ ˚C F) p (BO +REPROD + East-West)} 

 

2398.51 

 

2.18 0.22 12 

 3. {phi ( age + winter TMIN + winter 

PRECIP + winter PRECIP
2
 + # winter 

storms + # winter storms
2
) p (BO 

+REPROD + East-West)} 

2400.24 3.91 0.09 11 
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Table  2.5.  Model averaged parameter estimates for covariates affecting annual survival 

rates of northern spotted owls on 6 study areas in Washington and Oregon, 1985-2005. 

All climate covariates in models within 2.0 ∆AICc units of the top model are presented. 

Area Parameter 

Model 

Averaged 

Parameter 

Estimate 

Unconditional 

SE 

Lower 95% 

CI 

Upper 95% 

CI 

OLY AGE 1.742 0.433 0.893 2.787 

 SEX 0.216 0.129 -0.037 0.469 

 Barred Owl -6.40 1.574 -9.485 -3.315 

  East-West 0.007 0.003 0.001 0.013 

 Winter PRECIP 0.007 0.0016 0.0039 0.0101 

  Winter PRECIP
2
 -0.000015 0.0000035 -0.000021 -0.000008 

 # Winter storms -0.059 0.020 -0.451 -0.02 

  Growing season 

PDSI 

0.155 0.066 0.026 0.284 

      

CLE AGE 0.988 0.376 0.249 1.725 

 Growing season 

PDSI 

0.173 0.059 0.057 0.289 

 # Nesting season 

storms 

0.427 0.211 0.013 0.841 

 # Nesting season 

storms
2
 

-0.062 0.040 -0.139 0.016 

      

HJA AGE 1.255 0.401 0.469 2.036 

  REPROD -1.127 0.231 -1.58 -0.674 

  Early Nesting 

PRECIP 

0.016 0.006 0.004 0.028 

 # Early nesting 

season storms 

-0.236 0.123 -0.477 0.005 

 # Early nesting 

season storms
2
 

0.0398 0.015 0.0104 0.0692 

  Summer TMAX 0.149 0.039 0.073 0.225 

      

OCR  AGE 1.631 0.426 0.796 2.466 

  REPROD 0.375 0.254 -0.121 0.873 

  Growing season 

PDSI (with 

interaction) 

0.262 0.095 0.076 0.448 

  Growing season 

PDSI*REPROD 

-0.257 0.139 

 

-0.529 0.015 

 Growing season 

PDSI (without 

interaction) 

0.0997 0.040 

 

0.02132 0.178173 

 # days≥ 32˚C  -0.0316 0.03098 -0.09232 0.02912 
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Table 2.5 (Cont.) 

TYE  AGE 0.8571 0.252 0.362 1.351 

 Annual SOI –

lagged 

0.443 0.101 0.246 0.640 

 Annual PDO –

lagged 

0.266 0.0958 0.078 0.454 

      

CAS  AGE 1.113 0.266 0.592 1.634 

 Winter TMIN 0.106 0.041 0.026 0.186 

 Winter PRECIP -32.24 15.101 -60.838 -2.642 

 Winter PRECIP
2
 171.010 94.113 -13.451 355.471 

 # Winter storms 0.0025 0.069 -0.1327 0.1377 

  # Winter storms
2
 0.0027 0.0038 -0.0047 0.0101 

  # days≥ 32˚C  -0.031 0.0127 -0.0559 -0.0061 
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Table  2.6.  Top models (∆QAICc < 5.0) for meta-analysis of effects of climate on 

apparent annual survival of northern spotted owls on 6 study areas in Washington and 

Oregon, 1991-2001. 

 

Model QAICc 

∆ 

QAICc 

QAICc 

W K 

Q 

Deviance 
1 {phi (area+time) p (area*time)} 6517.69 0.00 0.35 75 6365.79 

2 {phi (barred owl *study area+ 

Annual SOI lag1+ Annual PDO 

lag1+ (Annual PDO-lag1* Annual 

SOI -lag1)+ 

AnnualPDO+AnnualSOI 

+(AnnualSOI*AnnualPDO) p (study 

area*time)} 

6518.42 0.73 0.24 78 6360.36 

3 {phi (barred owl *study area+ 

AnnualSOI lag1+ Annual PDO 

lag1+ (Annual PDO lag1* Annual 

SOI lag)) p (study area*time)} 

6521.08 3.39` 0.06 75 6369.18 

4 {phi (barred owl *study 

area+Annual SOI + Annual PDO + 

AnnualSOI lag1 + AnnualPDO 

lag1) p (study area*time)} 

6521.13 3.44 0.06 76 6367.18 

5 {phi (barred owl *study area + 

Winter PDO ) p (study area*time)} 
6521.13 3.44 0.06 73 6373.33 

6 {phi (barred owl *study area+ 

WinterSOI lag1 + WinterPDO lag1 

+WinterSOI lag1 * WinterPDO 

lag1) p (study area*time)} 

6521.20 3.51 0.06 75 6369.31 

7 {phi (barred owl *study area + 

Annual PDO ) p (study area*time)} 
6522.40 4.71 0.03 73 6374.60 
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Table  2.7.  Parameter estimates from top climate model for meta-analysis of effects of 

climate on northern spotted owl apparent annual survival at 6 study areas in Washington 

and Oregon, 1991-2001. 

  

  

Parameter 

estimate SE 

95% CI 

  

Lower Upper 

Intercept 1.139 0.269 0.6127 1.667 

Barred Owl 9.330 3.961 1.567 17.093 

CAS 0.717 0.280 0.168 1.266 

CLE 0.758 0.445 -0.115 1.631 

HJA 1.278 0.497 0.304 2.252 

OCR 0.581 0.280 0.033 1.128 

OLY 1.450 0.526 0.468 2.531 

TYE reference 
   

Barred Owl *CAS -10.484 4.070 -18.462 -2.506 

Barred Owl *CLE -11.359 4.138 -19.470 -3.248 

Barred Owl *HJA -20.999 9.990 -40.580 -1.4184 

Barred Owl *OCR -8.785 3.937 -16.502 -1.068 

Barred Owl *OLY -16.789 4.804 -26.205 -7.373 

Barred Owl*TYE reference 
   

 
    

Annual SOI lag1 0.457 0.168 0.127 0.786 

Annual PDO lag1  -0.075 0.147 -0.362 0.213 

Annual SOI lag1 * Annual 

PDO lag1 
-0.328 0.229 -0.778 0.121 

Annual SOI  0.611 0.224 0.173 1.049 

Annual PDO  -0.034 0.080 -0.191 0.122 

Annual SOI  * Annual PDO  
0.323 0.138 0.052 0.594 



 

 

1
1
3
 

Table 2.8.  Sources of process variation in top models of apparent survival of northern spotted owls on 6 study areas in Oregon 

and Washington, 1985-2005.  

 OLY  CLE  HJA  OCR  

 Estimate % Estimate % Estimate % Estimate % 

Total Process
1
 0.007909 

 

100 0.012992 

 

100 0.003435 

 

100 0.002945 

 

100 

σ 
2 

temporal  0.004886 

 

61.8 0.001322 

 

10.2 0.002116 

 

61.6 0.000489 

 

8.5 

σ 
2  

spatial  

 

0.003023 

 

38.2 0.011670 

 

89.8 0.001319 

 

38.4 0.005292 

 

91.5 

Modeled Process         

σ 
2 

model 0.004364 

 

100 0.000044 

 

100 0.001105 

 

100 0.000125 

 

100 

σ 
2 

climate-temporal 0.003007 

 

 0.000044 

 

 0.000970 

 

 0.000124 

 

 

σ 
2 

climate-spatial 0.000215 

 

 --  0.000079 

 

 --  

σ 
2 

climate-total 

(% model explained by climate) 

0.003222 

 

73.8 

 

0.000044 

 

100 0.001049 

 

94.9 0.000038 

 

97.4 

         

σ 
2 

 REPROD and/or BO (temporal) 0.000773  0.000001  0.000032  0.000000  

σ 
2 

age (temporal and spatial) 0.000091  0.000000  0.000025  0.000001  

σ 
2 

east-west (spatial) 0.000278  --  --  --  

         

% process variation explained by model  55.2  0.3  32.2  4.3 

% process variation explained by climate  40.7  0.3  30.5  1.3 

% temporal process variation explained by model  77.4  3.4  47.3  25.6 

% temporal process variation explained by climate  61.5  3.3  45.8  25.4 

% spatial process variation explained by model  10.1  0  7.9  0.02 

% spatial process variation explained by climate  7.1  0  6.0  -- 
1
 Residual variation not included.  Total = temporal process variation +spatial process variation 



 

 

1
1
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Table 2.8 (Cont.) 

 
TYE  CAS  

Meta-

analysis 

 

 Estimate % Estimate % Estimate % 

Total Process
1
 0.001969 

 

100 0.007669 

 

100   

σ 
2 

temporal  0.000677 

 

34.4 0.002376 

 

31.0 0.0011765 100 

σ 
2  

spatial  

 

0.001292 

 

65.6 0.005292 

 

69.0 -- -- 

Modeled Process       

σ 
2 

model 0.000286 

 

100 0.001736 

 

100 0.0003136 100 

σ 
2 

climate-temporal 0.000119 

 

 0.001582 

 

 0.0002928  

σ 
2 

climate-spatial --  0.000154 

 

 --  

σ 
2 

climate-total 

(% model explained by climate) 

0.000119 

 

41.6 0.001736 

 

100 0.0002928 

 

93.4 

 

       

σ 
2 

REPROD and/or BO (temporal) 0.000167  0.000000  0.0000208 6.6 

σ 
2 

age (temporal and spatial) --  --    

σ 
2 

east-west (spatial)       

       

% process variation explained by model  14.6  22.6  -- 

% process variation explained by climate  6.0  22.6  -- 

% temporal process variation explained by 

model 

 17.6  66.6  26.7 

% temporal process variation explained by 

climate 

 17.6  66.6  24.9 

% spatial process variation explained by model  12.9  2.9  -- 

% spatial process variation explained by climate  --  2.9  -- 
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CHAPTER 3 – LOCAL WEATHER, REGIONAL CLIMATE, AND ANNUAL 

REPRODUCTION OF NORTHERN SPOTTED OWLS 

 

 

Abstract  

I examined associations between weather and climate and annual reproduction of 

6 populations of individually-marked northern spotted owls in Oregon and Washington.  I 

used an information-theoretical approach and mixed models to evaluate statistical models 

representing a priori hypotheses about the effects of weather and climate on 

reproduction.  Similar to other spotted owl studies, reproduction was negatively 

associated with cold, wet winters and nesting seasons at 3 of 6 study areas.  However, I 

also identified new relationships between reproduction, annual precipitation, and regional 

climate cycles.   For 4 of 6 areas, there was a quadratic relation between precipitation and 

reproduction, with number of young fledged per pair per year declining as conditions 

deviated from normal.  A meta-analysis conducted across all 6 areas indicated that 

reproduction was associated by total winter snowfall and temperatures during the 

previous summer and fall, suggesting that climate factors affecting primary productivity 

rather than nesting season weather conditions may have the greatest effect on 

reproduction across the range of the species.   Reproduction was higher for adult than 

subadult owls, and declined as the proportion of spotted owl territories with barred owl 

detections increased.  Similar to other studies, temporal and spatial variance in 

reproduction was low relative to other (residual) variance components.  Climate 

accounted for a greater amount of temporal variation (~26%) than spatial (~1%) at all 

areas.   



116 

 

 

Introduction 

To maximize fitness, animals need to balance their current investment in young 

with their chance to survive and reproduce in the future.  According to life history theory, 

animals must allocate energy between competing components of individual fitness 

(Stearns 1992).  Consequently, long-lived species with high annual survival should be 

less likely to increase their current investment in offspring at the expense of their own 

survival (Williams 1966, Erikstad et al. 1998).  For species that follow such a “bet-

hedging” life history strategy (Slatkin 1974), maximum fitness during periods of harsh 

environmental conditions may be achieved by not breeding at all (Erikstad et al. 1998).  

In highly variable environments, selection often favors a highly flexible reproductive 

effort (Erikstad et al. 1998), where highest lifetime reproductive success is achieved 

when individuals insure their survival during poor conditions by not breeding and 

increase reproductive effort when environmental conditions are favorable.   

The influence of weather on the population dynamics of many vertebrate species 

is well-documented (Stenseth et al.2002), and weather can affect survival and fecundity 

differently (Nevoux et al. 2007, Sandvik and Erikstad 2008).  Furthermore, the relative 

contributions of survival and fecundity to population growth rate are affected by the life 

history strategy of the population (Caswell 2001).  Even for species that employ bet-

hedging life history strategies, population persistence may be reduced if reproductive 

success is low for long periods of time (McNab 2006).  For the conservation of at-risk 

species, global climate change presents additional challenges for conservation, as changes 

in weather patterns beyond the normal range of variability may have negative effects on 
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both adult survival and reproduction.  Consequently, both natural and human-caused 

variation in climate has the potential to have large impacts on population dynamics of 

these species.  

Although fecundity in birds can be highly variable, it is often negatively 

correlated with energy expenditure (McNab 2006).   The effect of food availability on the 

reproductive success of raptors has been well-documented (Newton 1979).  However, age 

and experience as well as interactions between demographic and environmental effects 

have also been shown to affect reproductive success (Lima et al. 2002, Nevoux et al. 

2007).  Furthermore, climate and weather can have both direct and indirect impacts on 

population processes.  Direct effects of inclement weather on avian reproduction are 

well-documented and include nest failure, and death of nestlings from exposure.  These 

effects can vary according to age class or experience of adults (Rodríguez and 

Bustamante 2003, McDonald et al. 2004).   When environmental conditions are 

favorable, reproductive success of raptors can increase greatly.  However, there is often 

an equally large decrease in adult survival rates corresponding with increased fecundity 

often termed the “cost of reproduction” (Williams 1966) where the energetic costs of 

reproduction reduce adult survival.  This cost of reproduction is generally higher for 

younger or inexperienced individuals (Nevoux et al. 2007) as environmental variation 

often affects their life history stages more strongly (Gaillard et al. 2000).   

Effects of local weather on avian productivity have been well-documented 

(Rodríguez and Bustamante 2003), and direct effects of weather on nest success have 

been reported for numerous raptor species.  McDonald et al.( 2004) found that 
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reproduction of Australian brown falcons (Falco berigora) was negatively affected by 

heavy downpours during the nesting period, and suggested that weather may be the 

ultimate factor influencing long-term trends in reproduction.  Similarly, rainfall and 

temperature during the winter and nesting periods influenced colony occupancy rate and 

number of young fledged for the lesser kestrel (Falco naumanni)( Rodríguez and 

Bustamante 2003), and breeding success of Bonelli’s eagle (Hieraaetus fasciatus) in the 

western Mediterranean was related to annual temperature (Ontiveros and Pleguezuelos 

2003).  For tawny owls (Strix aluco) in Hungary, the sex ratio of offspring was affected 

by amount of snow in the previous winter  and both the number of breeding pairs and 

number of fledglings produced in the following spring decreased with increased winter 

snow levels (Sasvari and Nishiumi 2005).  Additionally, potential impacts of climate 

change have been related to the initiation of nesting (Walther et al. 2002), mis-timing 

between predators and prey (Nielsen and Møller 2006), and mortality of eggs and 

nestlings (Jenouvrier et al. 2005, Nevoux et al. 2007, Altwegg et al. 2006). 

Indirect effects of weather on avian reproduction have been less studied, but may 

be equally important.  As indirect effects can involve complex relationships between 

climate, prey species, and population dynamics, identifying the mechanisms through 

which climate affects population dynamics can prove challenging (Lima et al. 2001).  

Reproduction of numerous seabird populations has been shown to be affected by 

fluctuations in prey populations driven by regional or global climate cycles rather than by 

direct effects of weather (Weimerskirch et al. 2003, Abraham and Sydeman 2004).  

Breeding success of Rhinoceros auklets (Cerorhinca monocerata)  was strongly affected 
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by diet composition and both prey abundance and growth rates of chicks decreased as 

spring sea surface temperatures increased (Hedd et al. 2006).  Similarly, survival and 

productivity of whiskered auklets (Aethia pygmaea) covaried with the Aleutian Low 

Pressure Index, suggesting either direct effects of storms or indirect effects of climate 

through its effects on food availability (Jones et al. 2007).  These relations between avian 

predators, prey, and climate can form complex food web structures (Lima et al. 2002).   

Population growth rate of barn owls (Tyto alba) in Chile has been shown to be affected 

by both barn owl density and abundance of leaf-eared mice (Phyllotis darwini), while 

leaf-eared mouse abundance was affected both by density of leaf eared mice, density of 

barn owls, and rainfall associated with the El Niño-Southern Oscillation (Lima et al. 2001 

2002, 2003).  Regional climate cycles are often more closely linked to population 

dynamics than local weather, particularly when indirect effects of weather are important.  

However, it is often harder to determine mechanisms through which weather is affecting 

populations (Hallett et al. 2004).  To build reliable predictive models, we often need to 

better understand the mechanisms through which weather affects demographic rates 

(Rodríguez and Bustamante 2003, Krebbs and Berteaux 2006).   

The northern spotted owl (Strix occidentalis caurina) is a long-lived species with 

high annual survival and variable reproduction (Forsman et al. 1984, Franklin et al. 2000, 

Anthony et al. 2006, Loschl 2008).  Furthermore, many populations of spotted owls have 

shown a cyclic pattern in fecundity, with low reproduction in odd-numbered years and 

nesting attempts by most adults in even-numbered years (Anthony et al. 2006).  The 

subspecies was listed by the U.S. Fish and Wildlife Service as threatened in 1990 (U.S. 



120 

 

 

Fish and Wildlife Service 1990), and populations have continued to decline across the 

northern portion of the species’ range during the past decade (Anthony et al. 2006).  

Although habitat has long been a focus in spotted owl demographic studies, climate has 

also been shown to affect reproductive performance in this species and has often 

explained a higher proportion of variation in life history traits than habitat (Franklin et al. 

2000, Olson et al. 2004).   

Reproduction of northern spotted owls is known to be highly variable (Franklin et 

al. 2000, Olson et al. 2004, Dugger et al. 2005, Anthony et al. 2006, Loschl 2008).  The 

amount of variability in reproductive output, age at first breeding, and lifetime 

reproduction also has been shown to vary across the range of the subspecies (Loschl 

2008).   Franklin et al. (2000) suggested that northern spotted owls employ a bet-hedging 

life history strategy, with high adult survival and a population growth rate that is less 

sensitive to variation in reproduction than to changes in adult survival.  Consequently, 

variation in weather should have greater effect on reproduction than on survival, but the 

consequences of variation in reproduction should affect rate of population growth less.  

Even for species that exhibit a bet-hedging strategy, environmental factors that reduce 

fecundity can have serious consequences for population persistence, particularly if both 

survival and fecundity are similarly affected by weather (McNab 2006).    

Productivity and annual survival of northern spotted owls have been shown to be 

affected by precipitation (Franklin et al. 2000, Olson et al. 2004), and number of young 

fledged by northern spotted owls in more mesic environments has been shown to decline 

during cold, wet nesting seasons (Franklin et al. 2000, Olson et al. 2004).   Fecundity of 
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Mexican spotted owls (S.o.lucidia) in more xeric environments was highest during dry 

springs preceded by wet years (Seamans et al. 2002).  The authors proposed 2 potential 

hypotheses that included both direct and indirect effects of weather on productivity: (1) 

successful breeders had higher proportions of dusky-footed woodrats (Neotoma fuscipes) 

in their diets, and woodrat populations declined during dry periods, and (2) reproduction 

declined during years with above average precipitation during the nesting period from 

direct mortality of nestlings.  While these studies investigated the effects of local weather 

at individual study areas, they did not consider effects regional climate patterns that 

might have affected productivity across the range of the species. 

I developed statistical models to test hypotheses regarding associations between 

weather and climate and annual reproduction of northern spotted owls.  Specifically, I 

examined how variation in precipitation, temperature, storm events, and large-scale 

climate patterns was related to the number of young produced per owl pair per year on 6 

study areas in the Pacific Northwest.  My objectives were to 1) identify components of 

weather and climate that were associated with spotted owl reproduction; 2) determine 

how much variation in annual reproduction of northern spotted owls was explained by 

climatic factors; and 3) determine whether the climate factors associated with annual 

reproduction varied among owl territories or across the geographic range of the 

subspecies.   

Methods 

Study Areas 

 

 I examined the effects of weather and climate on northern spotted owl 

reproduction using data collected at 6 study areas in Washington and Oregon (Chapter 2, 
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Figure 2.1): Olympic (OLY), Cle Elum (CLE), H.J. Andrews (HJA), Oregon Coast 

Range (OCR), Tyee (TYE), and Southern Oregon Cascades (CAS).   

Field Methods 

 

 Study areas were systematically surveyed for northern spotted owls on an annual 

basis.  Northern spotted owls have been monitored annually on the 6 study areas 

beginning 1985-1991 and continuing through 2003-2005.  Biologists surveyed 

established owl sites to determine site occupancy, presence of banded owls, reproductive 

status, and number of young fledged per territory per year following established protocols 

(Franklin et al. 1996, Lint et al. 1999: Appendices A-C).  I used the number of young 

fledged per pair per year as a measure of reproduction, and thus included only paired 

owls in the analysis.   Number of young fledged was established based on a series of 

visits to each site (4-8 visits/year) between April and September.  Because other studies 

have shown that owl age affects reproduction, I included only owl pairs of known age in 

my analyses.  In addition, I only included owl territories with ≥3 years of reproductive 

data and no missing values.  

Demographic Model Development 

 

 I used an information theoretic approach (Burnham and Anderson 2002) to 

evaluate hypotheses regarding the effects of climate on reproduction similar to Franklin 

et al. (2000) and Olson et al. (2004).  I used Akaike’s information criteria adjusted for 

small sample size (AICc) to identify the most parsimonious climate models for each 

study area and AIC weights (w) to address uncertainty in selection of top models 

(Burnham and Anderson 2002).  In order to address model selection uncertainty, I used 
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model-averaged parameter estimates and unconditional variance estimates calculated 

across models with ∆AICc ≤ 2.0 (Burnham and Anderson 2002: 171).   

Development of Climate Hypotheses 

 

 I developed 8 biological hypotheses regarding the effects of seasonal, annual, and 

multi-year weather and climate patterns on spotted owl reproduction (Table 3.1) and built 

statistical models representing these biological hypotheses (Appendix E).  I used the 

same weather and climate covariates for the reproduction models that I used for annual 

survival analyses (Table 2.2).  My hypotheses about effects of climate on reproduction 

were similar to those I used to evaluate the effects of climate on apparent annual survival 

of spotted owls (Chapter 2).  However, I anticipated that there would be more direct 

effects of weather on number of young fledged than on survival as nestlings are much 

more susceptible to weather-related mortality than adults.  I used climate covariates from 

the following 5 seasonal periods identified as potentially important for spotted owls 

(Franklin et al. 2000, Olson et al. 2004): (1) winter (November-February), (2) early 

nesting (March-April), (3) late nesting (May-June), (4) summer (July-August), and (5) 

dispersal (September-October), in addition to annual and multi-year measurements of 

weather and climate.  In contrast to the survival analyses, the dispersal season, winter, 

and annual time periods pertained to the season/year prior to the year for which NYF 

were recorded.  I evaluated linear, pseudo-threshold (log-linear), and quadratic relations 

(precipitation only) between reproduction and many of the weather variables.  For the 

quadratic relation with precipitation, I predicted that reproduction would be highest at 
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average levels of precipitation and would decrease as precipitation increased or decreased 

from mean levels.  

 Because fledgling owls are susceptible to hypothermia (Howell 1964), I predicted 

that cold, wet nesting seasons would negatively affect reproduction through direct 

negative effects on nestling survival (hypothesis 1, Table 3.1). Similarly, harsh winter 

conditions including cold, wet weather (hypothesis 2, Table 3.1) or heavy snowfall 

(hypothesis 3, Table 3.1) may reduce adult condition going into the nesting season 

thereby reducing reproduction.  Storms represent extreme events that can potentially have 

catastrophic effects on populations.  I therefore hypothesized that stormy conditions may 

result in nest failure through loss of nest structures, exposure, or reduced foraging 

efficiency (hypothesis 4, Table 3.1).  Likewise, the combined effects of temperature, 

precipitation, and storms during winter and nesting seasons may influence reproduction 

through effects on adult body condition combined with direct effects of weather on 

number of young fledged (hypothesis 5, Table 3.1).    

  In addition to direct effects of weather, I hypothesized that reproduction may be 

influenced by weather conditions that increase primary productivity and prey populations 

(hypothesis 6, Table 3.1).  Differences in habitat and prey within and among study areas 

likely interact with climate to influence owl reproduction.  Coastal and northern sites may 

be more negatively affected by cold, wet conditions, while reproduction in the more arid 

eastern and southern study areas may be more limited by drought conditions. Similarly, 

reproduction may be affected by regional climate patterns including the Southern 

Oscillation- el Nino or the Pacific Decadal Oscillation (hypothesis 7, Table 3.1)  Based 
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on the results of demographic studies of northern, California, and Mexican spotted owls 

that reported varying degrees of climate effects on reproduction, I predicted that there 

would be spatial differences in climate effects given the difference in forest composition, 

prey base, elevation, and climatic conditions across the 6 study areas  (hypothesis 8, 

Table 3.1).   

 I also hypothesized that there would be differences in the timing of climate effects 

on reproduction as compared to survival.  For the longer-term and larger scale climate 

hypotheses (primary productivity (5), climate cycle (6)), I hypothesized that these factors 

were more likely to affect reproduction through indirect effects on adult condition going 

into the breeding season rather than direct effects on survival of fledglings during the 

current nesting season. Therefore, my models included both previous (lag1) and current 

year effects for the primary productivity and climate cycle models.  Additionally, I did 

not believe that summer heat stress (# days ≥ ˚C) would affect reproduction since the 

majority of site visits to determine number of young fledged are completed by mid-

summer.  Summer weather conditions do affect primary productivity, so effects of 

summer temperature and precipitation were evaluated under the primary productivity 

hypothesis (hypothesis 6).   

 My a priori hypotheses contained only single season or annual effects and did not 

contain interactions between demographic and climate covariates, with the exception of 

combined temperature, precipitation, and storm effects in the winter and nesting seasons 

(hypotheses 1,4).  I believed that survival could be affected by different weather 

conditions in different seasons.  However, it was difficult to conceive a priori hypotheses 
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regarding effects of these combinations on reproduction without first knowing which 

individual weather and climate factors were most important at each study area.  

Therefore, I did not consider combinations of different seasonal weather hypotheses until 

I first evaluated my a priori models.  In order to assess support for each a priori 

hypothesis, I summed AICc weights for the statistical models under each hypothesis.  

After identifying top and competing models, I then examined a small number of 

additional models that contained combinations of factors that received the greatest 

support among  the original a priori models as long as the combinations made biological 

sense.  I also examined interactions between demographic factors (age, sex, reproduction, 

and barred owl presence) and climate in the top models.  The final set of models included 

both the a priori and a small number of posteriori models.   

Statistical Methods 

 

 I analyzed reproduction data for each study area separately using a mixed model 

approach (Rao 1997), and also in a meta-analysis where data were combined across the 6 

study areas.  Number of young fledged on a particular site (NYF) was the response 

variable.  These data were count data with values of 0, 1, 2, and rarely 3.   Explanatory 

variables included territory where the young were detected (SITE), year (YR), and age of 

each of the paired owls (male age (AM), female age (AF)) as categorical effects.  Owl 

age included first year subadult, second year subadult, and adults.  The proportion of sites 

on each study area with barred owl detections in a given year (BO), position along an 

east-west gradient across the study area (East-West), and the set of weather and climate 

covariates were continuous explanatory variables.  I used a linear mixed-model approach 
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to examine the effects of weather and climate on NSO reproduction (SAS® Proc Mixed; 

SAS Institute 1997), following methods used by Dugger et al. (2005), Olson et al. (2004) 

and Franklin et al. (2004), in which territories (SITE) and years (YR) were treated as 

random effects to broaden the scope of inference.  As with other analyses of northern 

spotted owls (Franklin et al. 2004, Anthony et al. 2006), I could not separate individual 

bird effects from territory effects because of the longevity and high site fidelity of most 

owls occupying territories.   

The assumptions of linear mixed models include normally distributed error terms 

and constant variance (Littell et al. 2006).   As my data were count data with a small 

mean (<2.0), they did not meet these assumptions.  Count data are often assumed to 

follow a Poisson distribution; however, several studies have demonstrated that counts of 

NYF for northern spotted owls do not follow a Poisson distribution and White and 

Bennetts (1996) demonstrated the poor performance of Poisson regression when 

mean/variance ratios were outside a relatively narrow range.  Mixed model analysis of 

variance methods are robust to departures from normality (White and Bennetts 1996); 

therefore, I relied on the robustness of mixed models to non-normally distributed data, 

rather than using nonlinear regression models.    

I used PROC MIXED (SAS Institute 1997) to fit models for each study area.  The 

Proc MIXED procedure allowed me to  model data as repeated measures over time and to 

account for individuals and territories being confounded because the same individuals 

often bred on the same territory for >1 year (Franklin et al. 1999).  Proc MIXED also 

allowed modeling in a maximum likelihood framework, and I was able to evaluate a 
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number of error covariance matrix structures to determine the best structure for modeling 

non-constant variances. 

I used a 3-stage approach to fit models to the data for each study area, similar to 

Franklin et al. (2004) and Olson et al. (2004). First, I used restricted maximum likelihood 

(REML) estimation with a well-parameterized fixed effects model {(male age+ female 

age + BO + East-West +Even-Odd)} for each study area to determine the most 

appropriate covariance structure (Appendix F).  For the meta-analysis, study area, 

position along a north-south gradient spanning all 6 areas, and position along and east-

west gradient spanning all 6 areas were also included in the base model in addition to the 

above factors.  Age of owls was a categorical variable (1
st
 year subadult, 2

nd
 year 

subadult, or adult).  East-West was a continuous measure of the territory location along 

an east-west gradient spanning the study areas, and Even-Odd (EO) was a categorical 

variable reflecting the alternating year patterns in NYF observed at some of the study 

areas during some time periods (Anthony et al. 2006).  I used the even-odd covariate 

because it performed better than a time trend variable for all study areas. SITE and YR 

were included as categorical random effects. I evaluated four candidate variance 

structures: log-linear variance (LOCAL = EXP), compound symmetric (CS), first-order 

autoregressive (AR1), and heterogeneous first-order autoregressive (ARH1) (SAS 

Institute 1997) using AICc.  Only the covariance parameters were included in the number 

of parameters used in calculating AICc because REML estimation ignores the fixed 

effects (Wolfinger 1993).  In order to compare models based on AICc, I needed a 

standardized data set with no missing values.  Therefore, I deleted any records with 
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unknown covariate values. I also included data only from sites with ≥3 years of data 

because I believed that was a minimum sample size needed to estimate random year 

effects.    

After identifying the most appropriate covariance structure, I evaluated a set of 

models (Appendix C) containing non-climate fixed effects to determine the most 

appropriate base model structure for reproduction.  The covariates I examined to 

construct a base model were female age, male age, proportion of sites with barred owl 

detections (BO), the cyclic nature of the reproductive success (even–odd year effect), 

linear (T) and quadratic time trends (TT), geographic effects (measured along an East-

West gradient) and  interactions between some of these effects.    

After determining the best covariance model and base model structure, I added 

climate covariates to the top demographic base model (Appendix F).  I also re-examined 

covariance models once I arrived at a top model to insure that the most appropriate 

covariance model was used. I used regression coefficients, standard errors, and 95% 

confidence intervals to assess the effects of weather and climate covariates on NYF.    

Variance Components 

 

I conducted variance components analyses of the best reproduction models for the 

individual study areas and the meta-analysis to determine the relative contributions of 

each covariate type (age, sex, barred owl, even-odd, east-west, climate) to the final model 

and to determine how much of the total process, year-to-year, and site-to-site variation 

was accounted for by the top models. I used changes in the covariance parameter 

estimates generated by Proc Mixed in SAS (SAS Institute 1997) between the top model 
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and the intercept-only model to separate the contribution of the parameters in the top 

model to overall variance in the number of young fledged per year.  I used the residual 

variance from the intercept-only model as a measure of the total process variance.  I 

assessed the amounts of year-to-year and site-to-site variation in NYF accounted for by 

the covariate type by sequentially including model variables and computing the reduction 

in the covariance parameter estimates for the random effects SITE and YR.         

Results 

Individual Study Areas 

 

My analyses were based on 5,601 observations of number of young fledged per 

pair per year (NYF) at the 6 study areas (Table 3.2).   TYE had the longest monitoring 

period (1985-2005) while OLY (1989-2003) and CAS had the shortest (1991-2005) 

(Table 3.2).  I used a total of 658 unique owl territories for the meta-analysis (Table 3.2).  

Trends in temperature, precipitation, and storms as well as large scale climate patterns for 

the study period are summarized in Chapter 2 (Figures 2-6).   

Olympic (OLY)  

 At OLY, a 1
st
 order autoregressive (AR (1)) covariance structure was the top 

covariance model.  The AR (1) covariance structure had homogeneous variances and 

correlations that declined exponentially with increasing numbers of years between 

observations (Littell et al. 2006).  The base model structure for OLY included male age, 

female age, proportion of sites with barred owl detections (BO),  an even-odd year effect, 

and position along an east-west gradient across the study area (East-West).  NYF was 

greater for adults (β male age-adult = 0.703, SE = 0.200, 95% CI: 0.311- 1.09; β female age-adult = 

0.259, SE = 0.144, 95% CI: -0.024-0.542) than for subadults for both male and female 
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owls.  NYF was also negatively associated with the proportion of sites with barred owl 

detections (β BO = -1.07, SE = 1.15, 95% CI: -4.07 -1.91), was lower in odd-numbered 

years (β odd = -0.487, SE = 0.191, 95% CI: -0.962 - -0.113), and was higher at more 

easterly sites (β East-West = 0.002, SE = 0.001, 95% CI: -0.001 – 0.004).     

 Among the 7 a priori hypotheses, primary productivity had the greatest support 

(summed AICc w = 0.77, Figure 3.1), followed by nesting season temperature and 

precipitation (summed AICc w = 0.07) (Figure 3.1).  The top a priori model included a 

quadratic relation between NYF and growing season precipitation (male age + female age 

+ East-West + BO + even-odd + growing season PRECIP + growing season PRECIP
2
).  

There was one competing a priori climate model (∆AICc <2.0) that included a quadratic 

relation with dispersal season precipitation (male age +female age + East-West + BO + 

even-odd + dispersal season PRECIP + dispersal season PRECIP
2
) (Appendix G).  I 

evaluated 5 additional models that included combinations of climate covariates in the top 

a priori models as well as models containing interactions between demographic and 

climate covariates. None of these combination or interaction models performed better 

than the top a priori model (Table 3.3).   

 In the top model, NYF was greatest when precipitation was between 70-110 cm 

during the previous year’s growing season and declined when conditions during the 

previous year were wetter or drier (Figure 3.2).  There were 2 competing models both of 

which had quadratic relationships between NYF and growing season precipitation (Table 

3.3), but also contained effects of # annual storm days or # winter storm days.  However, 
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the 95% confidence intervals for all of the beta parameter estimates for storm covariates 

overlapped 0 (Table 3.4).    

Cle Elum (CLE) 

 The top covariance structure at CLE was AR (1).   The top base model included 

male age, female age, even-odd, and East-West.  NYF was higher for adult and second 

year subadults and lower for first year subadults.  NYF was also higher on territories on 

the east side of the study area relative to the west side and higher during even-numbered 

years ((Table 3.4).   With the exception of the even-odd year effect, beta estimates for 

these parameters did not overlap 0 (Table 3.4). 

 Models containing associations with total winter snowfall had the most support of 

the 7 a priori hypotheses (summed AICc w = 0.75) (Figure 3.1), followed by primary 

productivity (summed AICc w =0.07) and winter temperature and precipitation (summed 

AICc w =0.05).  The top a priori climate model included a quadratic relation between 

NYF and total winter snowfall (male age + female age + East-West + SNOW + SNOW
2
) 

(Appendix G).  I evaluated a small number of additional models, considering 

combinations of effects of winter snowfall and other climate covariates.  I also examined 

interactions between demographic and climate covariates.  None of the interaction 

models performed better than the additive forms of the models.   After running these 

additional models, the top climate model for CLE was (male age + female age + East-

West + early nesting TMIN + late nesting TMIN + dispersal PRECIP + snow + snow
2
+ 

Winter PDO (lag2))(Table 3.3).  There was one additional model within 2.0 AICc units 

of the top model (male age + female age + East-West + winter TMIN + early nesting 

TMIN + late nesting TMIN + dispersal PRECIP + snow + snow
2
+ Winter PDO (lag2)).   
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All of the top models contained the quadratic relation between total winter 

snowfall and NYF, where NYF was greatest when total winter snowfall was 350-400 in. 

and decreased at higher and lower levels (Figure 3.3A) (Table 3.4).  NYF was also 

positively associated with early nesting season temperature, negatively associated with 

late nesting season temperature, positively associated with dispersal season precipitation, 

positively associated with dispersal season temperature, and negatively associated with 

the cool wet phase of the PDO during the previous winter (Figure 3.3 B-F).   With the 

exception of early nesting season temperature, beta estimates for these parameters did not 

overlap zero (Table 3.4).   

H.J. Andrews (HJA)  

 The top covariance structure at HJA was AR (1).   The top base model contained 

male age, female age, and an even-odd year effect (Table 3.3).  NYF was highest for 

adult males and females and lowest for first-year subadults (Table 3.4).    Reproduction 

was higher in even-numbered years.  Among the a priori climate hypotheses, the nesting 

season temperature and precipitation models received the most support (summed AICc w 

= 0.24), followed by the climate cycle hypothesis (summed AICc w = 0.23) and the storm 

hypothesis (summed AICc w = 0.22) (Figure 3.1).  The top a priori model contained a 

negative relation between NYF and the # days with stormy conditions during the prior 

year (Appendix G).   

 I examined 5 additional models considering combinations of climate covariates 

from the top a priori models as well as interactions between demographic and climate 

covariates (Table 3.3).  The top overall model contained a negative relation with the # of 

stormy days in the previous year and a negative relation with the winter PDO from 2 
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years prior (Table 3.4, Figure 3.4 A-B).  In other words, NYF was higher when the PDO 

was in the cool, wet phase rather than the warm, dry phase during 2 years earlier and the 

# stormy days in the previous year was low.   However, beta estimates for these 

parameters all overlapped 0.  There was one competing model which was the same as the 

top model, but contained a negative relation with the winter PDO rather than the annual 

PDO (Table 3.4).    

Oregon Coast Range (OCR) 

 At OCR, the top covariance structure was a heterogeneous first-order 

autoregressive structure (ARH (1)).  As with the AR (1) structure, observations closer 

together in time were more highly correlated; however, the variances along the diagonal 

of the matrix were not constant (Littell et al. 2006).  The top base model contained male 

age, female age, East-West, and the even-odd year effect (Table 3.3).  NYF was highest 

for adult males and females and lowest for 2
nd

 year subadult males and 1
st
 year subadult 

female owls (Table 3.4).  NYF was also highest at more eastern sites and lower in odd-

numbered years (Table 3.4).  With the exception of the adult male and even-odd year 

effects, beta estimates for these parameters all overlapped 0 although the overlap was 

slight for adult female and east-west effects.  The nesting season temperature and 

precipitation hypothesis received the most support at OCR (summed AICc w = 0.28), 

followed by the effects of storms (summed AICc w = 0.23), and the climate cycle 

hypothesis (summed AICc w = 0.09) (Figure 3.1).  The top a priori model contained a 

quadratic relation between NYF and the # of stormy days during the previous winter 

(male age + female age + East-West + # winter storm days + # winter storm days
2
) 

(Appendix G).   
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I evaluated a small number of additional models considering interactions and 

combinations of climate effects in the top a priori models.  None of the interaction 

models performed better than the additive forms.   After running the additional models, 

the top climate model for OCR  contained effects of early and late nesting season 

precipitation as well as effects of the PDO and SOI from 2 years prior (male age + female 

age + East-West + early nesting PRECIP + late nesting PRECIP + Winter PDO (lag2) + 

Winter SOI (lag2)) (Table 3.3).  There was 1 competing model which was the same as the 

top model, but did not contain the SOI effect (Table 3.3). Reproduction was negatively 

associated with early nesting season PRECIP, positively associated with late nesting 

season PRECIP, negatively associated with the warm phase of the PDO in the winter 2 

years prior, and negatively associated with the el Niño phase of the SOI in the winter 2 

years prior (Figure 3.5 A-D).  Beta estimates for these climate effects did not overlap 0 

(Table 3.4). 

Tyee (TYE) 

 At TYE, the top covariance structure was ARH (1).  The top base model 

contained male age, female age, East-West, and the Even-Odd covariate (Table 3.3).  

NYF was highest for adult owls and lowest for 1
st
 year subadults (Table 3.4).  NYF was 

also higher on more eastern territories.  With the exception of subadults, beta estimates 

for these effects did not overlap 0 (Table 3.4).  Although it was a component of the top 

base model, climate models performed better without the even-odd covariate.    

 Among the a priori hypotheses, the nesting season temperature and precipitation 

hypothesis received the greatest support (summed AICc w = 0.38) followed by the 

primary productivity hypothesis (summed AICc w = 0.17) (Figure 3.1).  The top a priori 
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model (male age + female age + East-West + LN (early nesting PRECIP)) contained a 

pseudo-threshold relation with early nesting season precipitation, where NYF decreased 

with increasing precipitation during early nesting season (Figure 3.6, Appendix G).  I ran 

9 additional models to examine combinations of factors in the top a priori hypotheses and 

interactions between demographic and climate covariates.  None of the interaction 

models performed better than the additive forms of the models.   After running the 

additional models, the top climate model was (male age + female age + East-West + LN 

(early nesting PRECIP) + Annual PDO (lag1)) (Table 3.3).  There were 4 models within 

2.0 ∆AICc units of the top model (Table 3.3).   NYF was negatively associated with early 

nesting season PRECIP and negatively associated with the Annual PDO index from 2 

years prior (Figure 3.5A-B).  However, beta estimates for these effects overlapped 0 

(Table 3.4). 

Southern Oregon Cascades (CAS) 

 The top covariance structure at CAS was ARH (1).  The top base model contained 

male age, female age, and the even-odd year effect (Table 3.3).  NYF was higher for 

adult owls than for 1
st
 and 2

nd
 year subadults combined (Table 3.4).  Among the a priori 

hypotheses, the primary productivity hypothesis (6) received the greatest support 

(summed AICc w = 0.68) followed by nesting season weather hypothesis (summed AICc 

w = 0.12) (Figure 3.1).  The top a priori model included a quadratic relation with annual 

precipitation (male age + female age + annual PRECIP + annual PRECIP
2
).  There were 

4 competing a priori climate models, 3 of which represented the primary productivity 

hypothesis and one the nesting season temperature and precipitation hypothesis 

(Appendix G). 
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 I did not consider any posteriori models for CAS, as combinations of the factors 

in the top a priori models either did not make biological sense or were redundant. I did 

consider interactions between demographic and climate covariates, but none performed 

better than the additive models.  Reproduction was highest when annual precipitation was 

80-100 cm, and decreased at higher or lower levels (Figure 3.7).   Climate associations in 

competing models included a negative or quadratic association with growing season 

precipitation during the previous year and late nesting season precipitation (Table 3.4). 

Reproduction was also negatively associated with dispersal season PDSI in the previous 

year, indicating that wet conditions during this period had a negative effect on NYF the 

following spring.  The late nesting and previous year growing season precipitation effects 

both indicated a quadratic relation where NYF was highest near mean levels of 

precipitation.  Beta estimates the linear effects did not overlap 0, while the quadratic 

effects overlapped 0 slightly (Table 3.4). 

Meta-analysis 

 I used NYF data from 658 territories across the 6 study areas to conduct the meta-

analysis of effects of climate on reproduction. For the meta-analysis, the ARH (1) model 

was the top covariance structure.  However, this model has a large number of covariance 

parameters and failed to converge for most climate models.  Therefore, I used the 2
nd

 best 

covariance model, which was AR(1).  The top base model structure for the meta-analysis 

included male age, female age, study area, BO, an interaction between BO and study area 

(BO*area), and an even-odd year effect (Table 3.5).  For OLY, separate data for s1 and 

s2 age classes were not available.  Therefore, I evaluated several different groupings of 

age classes to determine the best age class structure for the base model.  For OLY and 
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CAS, the age structure used was subadult (s1+s2) and adult, while for the remaining 4 

areas I included all 3 age-classes (s1, s2, and adult). 

 I evaluated the same set of a priori climate models for the meta-analysis as for the 

individual study area analyses (Appendix E).  I considered climate models both with and 

without the even-odd year effect.  For many of the climate models, there were 

convergence problems for models containing both the even-odd year and climate effects.  

Therefore, I did not include the even-odd year effect in the climate models.  The top a 

priori climate model for the meta-analysis was (male age + female age + area + BO + 

(BO*area) + snow + snow
2
).  This model was 14.4 ∆AICc units better than the next bets 

model, thus hypothesis 2 had a summed AICc weight of 0.99 among the a priori 

hypotheses.  I examined a small number of posteriori models (5) that combined effects of 

snow with effects in the next most competitive models, and included interactions between 

climate and demographic and/or study area covariates.  The best of these models was 

(male age + female age + study area + BO + (study area * BO) + snow +snow
2
 + summer 

TMAX + dispersal TMAX) (Table 3.5).  In addition to a quadratic relation with winter 

snowfall, number of young fledged was positively associated with TMAX during the 

previous summer and dispersal seasons and was negatively associated with barred owls 

(Table 3.6, Figure 3.8 A-C).   While the beta estimate for summer TMAX overlapped 0, 

beta estimates for snow and dispersal TMAX did not (Table 3.4). 

Variance Components 

 

 The relative amounts of temporal (year-to-year) and spatial (site-to-site) process 

variation in reproduction varied among the 6 study areas.  However, both temporal and 
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spatial variance was low (15-34%) relative to other (residual) variance components (66-

85%) for the individual study areas as well as for the meta-analysis (Table 3.7).  

Temporal variance was highest (27% of total variance) at OLY and lowest at TYE (11%) 

while spatial variance in reproduction was highest at CLE (10% of total variance) and 

lowest at HJA and OCR (3%) (Table 3.7).  The amount of process variance accounted for 

by the top model was highest at CLE (31%) and lowest at TYE (9%) and HJA (9%). 

 Climate accounted for a greater amount of the temporal process variance than 

spatial process variance at all areas (Table 3.7).  The amount of temporal process 

variance accounted for by climate was high at CLE (79%), moderate at HJA (17%), OCR 

(23%), and TYE (26%), and low at CAS (4%) and OLY (9%).  The even-odd year effect 

accounted for much of the temporal process variation at CAS (71%) and a fair amount at 

OCR (32%), HJA (25%), and OLY (19%) (Table 3.7).  At OLY, CLE, HJA, and TYE, 

the climate covariates in the top model either did not vary spatially or accounted for none 

of the spatial process variance (Table 3.7), while at CAS and OCR, climate accounted for 

low amounts (3%) of the spatial process variance.   The east-west effect accounted for 

51% of the spatial process variance at CLE.   For the meta-analysis, the top model 

accounted for 12.2% of temporal process variance in reproduction, most of which (11%) 

was explained by climate (Table 3.7).  The top model accounted for 45% of the spatial 

process variance in reproduction, most of which was attributable to the combined effects 

of BO*Area (41%), followed by climate (4%).   
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Discussion 

  

This was the first study to comprehensively examine effects of weather and 

climate on reproduction of northern spotted owls at different temporal and spatial scales 

across most of the range of the subspecies.  At 3 of the 6 study areas, I found negative 

effects of cold, wet nesting seasons and winters that were similar to earlier studies 

(Franklin et al. 2000, Olson et al. 2004, Dugger et al. 2005).   I also found additional 

relationships between reproduction and annual precipitation and regional climate cycles.  

Models representing a single a priori hypothesis received the most support at OCR and 

CAS, while at the other 4 areas, combinations of effects from different a priori 

hypotheses performed best.   This study was also the first to conduct a meta-analysis of 

the effects of weather and climate on northern spotted owl reproduction across multiple 

study areas.  Because different studies often vary in the factors that are significant as well 

as in the magnitude of specific effects, it can often be difficult to generalize results across 

larger spatial scales.  Consequently, meta-analyses that employ specific quantitative 

methods to compare data across multiple studies (Arnqvist and Wooster 1995) can be 

useful for generating conclusions about general patterns and trends.   

Results from the meta-analysis indicated that annual moisture and temperature 

conditions may have a stronger influence on annual reproduction across the range of the 

northern spotted owl than local weather conditions during the nesting season.  The top 

model from the meta-analysis contained a quadratic relation with winter snowfall where 

NYF was highest when snowfall was close to average levels.  Additionally, NYF was 

higher following warmer summer and dispersal seasons during the previous year. 
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Snowfall can have both direct and indirect effects on spotted owl reproduction.  Nestlings 

may be lost to exposure during heavy snowfall; however, snowmelt also affects forest 

moisture conditions during the spring and summer which in turn may affect spotted owl 

prey populations.  Northern flying squirrels are a dominant prey species of northern 

spotted owls across much of their range (Forsman et al. 2004), and more mesic conditions 

during summer and fall promote growth of hypogeous fungi which are the primary diet of 

flying squirrels (Luoma et al. 2003).   Abundance of northern flying squirrels has been 

shown to be strongly influenced by the abundance of fungal sporocarps (Carey et al. 

1992, Gomez at al. 2005), and the abundance of fungal sporocarps can vary widely across 

seasons, years, and forest habitat types (Carey et al. 1992).  Similarly, annual survival 

rates of northern flying squirrels show considerable temporal and spatial variability 

(Gomez et al. 2005).  The quadratic relation between winter snowfall and NYF in the 

meta-analysis suggests that on a region-wide basis, owl reproduction may in fact be 

affected indirectly through effects of weather on primary productivity and consequently 

prey population levels.  My results are consistent with what is known about reproduction 

in raptors in general (Newton 1979).  Although reproductive success of spotted owls may 

be proximally limited by weather during the nesting period, as was the case for the top 

reproduction models at HJA, OCR, and TYE, reproduction may ultimately be driven by 

prey availability on a region-wide basis.   

Year-to-year and site-to-site variation accounted for relatively low amounts (15-

34%) of the total process variation in the data.  These results were very similar to the 

variance components reported by Anthony et al. (2006) for a region-wide analysis for 
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northern spotted owl fecundity that included my 6 study areas for the years 1985-2003.  

They reported that year-to-year and site-to-site variation accounted for less than 30% of 

the total variation in NYF.   Although Anthony et al. (2006) examined time trends and 

even-odd year patterns in NYF for 14 northern spotted owl populations, they did not 

consider climate in their models.  Nevertheless, results from these 2 long-term studies 

suggest that additional factors such as individual heterogeneity among owls and/or local 

prey abundance may strongly influence northern spotted owl reproduction.   

Although differences among individuals may be important, one of my primary 

goals was to determine how much year-to-year and site-to-site variability in NYF could 

be explained by weather and climate.  When considering these components of variation, 

climate accounted for 6-82% of the year-to-year variation in my analyses, indicating that 

variation in weather conditions affects temporal variability in reproduction.  Although 

weather and climate explained little of the spatial variability in reproduction within 

individual study areas (0-4%), I did find differences in the relative amounts of both 

temporal and spatial variation accounted for by climate among study areas.  This result 

suggested that life history strategies may vary across the range of the species.  Numerous 

studies of Northern, California (S. o. occidentalis), and Mexican spotted owls have used 

similar mixed model methodologies to examine fecundity and reproduction.  Studies by 

Franklin et al. (2000), Olson et al. (2004), Dugger et al. (2005), LaHaye et al. (2002), and 

Seamans et al. (2004) considered associations between local weather and reproduction.  

Franklin et al. (2000), Olson et al. (2004), and Dugger et al. (2005) also considered the 

contribution of habitat to reproduction in their models.   The amount of variation 
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accounted for by climate varied widely among studies.  Although all these studies used a 

mixed model approach, they used slightly different approaches for determining variance 

components making it difficult to compare results directly.  

For northern spotted owls in California, climate accounted for all (100%) of 

temporal variation in fecundity, while habitat accounted for 74% of spatial process 

variation (Franklin et al. 2000).  At TYE, climate accounted for 38.4% of the temporal 

variation in NYF while habitat accounted for 2.6% of spatial variation (Olson et al. 

2004).  For a study conducted on a portion of the CAS study area, Dugger et al. (2005) 

reported that the top fecundity model accounted for 25% of the total process variation in 

NYF, 7% of which was accounted for by habitat and 19% by climate.  Effects of weather 

were similar for California and Mexican spotted owls as well.  Weather accounted for 

100% of temporal process variation in reproductive output for California spotted owls 

(LaHaye et al. 2002).  Climate accounted for 73% of temporal process variation for 

Mexican spotted owls in Arizona and 42% of temporal process in reproductive output 

spotted owls in New Mexico (Seamans et al. 2004).   Although there were differences in 

how these studies computed variance components, it appears that there is a wide range in 

amount of variation attributable to climate across the range of the species. 

Non-climate factors affecting reproduction 

 

I identified several demographic and geographic factors in addition to climate that 

were associated with reproduction across the 6 areas.  Similar to other studies, 

reproduction was greater for adult owls than subadult owls at all areas.  Additionally, I 

found that NYF was negatively associated with the proportion of northern spotted owl 
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territories with barred owl detections at OLY.  The negative association with barred owls 

was also evident in the meta-analysis, with the negative association being strongest at 

OLY and least at HJA.   Anthony et al. (2006) considered a similar barred owl covariate 

in their analyses, but did not detect any effects.  However, I considered a larger suite of 

temporally-varying effects than Anthony et al. (2006).   My results suggest that multiple 

temporally-varying factors (e.g. both climate and barred owls) contribute to the temporal 

variability in northern spotted owl reproduction.  Additionally, I found reproduction was 

higher at more eastern sites at OLY, CLE, OCR, and TYE, and that both reproduction 

and the influence of barred owl presence on reproduction varied among study areas in the 

meta-analysis.  At most study areas, forest vegetation and weather varied on an East-

West gradient with difference in tree species and more eastern nest sites being drier.  

Forest mammal communities also vary across the range of the owl (Forsman et al. 2001, 

2004) and relative abundance may vary across individual study areas.  

Interactions between demographic factors and climate 

 

Demographic studies of birds have shown that effects of environmental variation 

often depend on the age or experience of individuals and that survival and reproduction 

may covary with climate (Martin 1995, Bunce et al. 2005).  Survival and reproduction in 

whiskered auklets (Aethia pygmaea) covaried with large-scale climate variability, with 

both direct effects of stormy weather and  indirect effects of weather operating through 

the food web affecting demographic performance ( Jones et al. 2007).  Additionally, more 

experienced black-browned albatross (Thalassarche melanophrys) had higher survival 

than less experienced individuals during harsh weather conditions, but reproductive 
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success was similarly affected  by weather for both experienced and inexperienced 

individuals (Nevoux et al. 2007).  I found no evidence of interactions between climate 

and demographic factors at any study areas.  However, the 3-age class categories I used 

may not adequately represent what is known about lifetime reproduction in spotted owls.  

Numbers of 1
st
 and 2

nd
 year subadults as territorial breeders were low relative to adults at 

all 6 study areas.  Given the small numbers of non-adults in my samples, I may not have 

had adequate sample sizes to detect difference in climate effects by age.   

Associations with local, seasonal weather patterns during nesting season 

 

Because annual reproduction in spotted owls was much more variable than 

survival, I predicted that direct effects of local weather would be more evident in 

reproduction models than for annual survival.  Several of my a priori hypotheses focused 

on the nesting season weather conditions which are known to affect spotted owl 

reproduction.  These hypotheses were designed to separate direct and indirect effects, as 

well as the effects of extreme weather events from stochastic variation in weather.   

However, for the 3 areas where nesting season weather was a component of best and 

competing models, the top models also contained effects of regional climate cycles. 

Weather during the nesting season was important at several individual study 

areas.  Both early and late nesting season temperature were components of the top model 

at CLE, which was generally the coldest of the 6 study areas (Figure 3.3a, Chapter 2).  At 

OCR, TYE, and to a lesser extent CAS, reproduction was associated with nesting season 

precipitation rather than temperature.  Nesting season weather appeared to influence NYF 

through both direct and indirect effects.  Negative associations with nesting season 
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precipitation were evident during the early nesting season period at OCR and TYE, 

suggesting direct mortality of eggs or nestlings from exposure or nest abandonment as a 

result of very wet conditions.  Conversely, precipitation during late nesting season at 

OCR and CAS either had a positive or quadratic relation with NYF suggesting that drier 

conditions may depress prey populations.  Similarly at CLE, reproduction was positively 

associated with early nesting and dispersal temperatures and negatively associated with 

late nesting season temperatures.  Again, cold temperatures early in the nesting season 

may result in loss of eggs or young from exposure or termination of incubation; however, 

warm temperatures later in the nesting period also had a negative effect, possibly through 

reduced prey abundance.  

In general, these results were consistent with patterns observed in other studies of 

effects of weather on spotted owl reproduction. Olson et al. (2004) reported that NYF at 

TYE was negatively related to early nesting season precipitation and positively related to 

late nesting season precipitation affected NYF.  Similarly, I found a negative relation 

with early nesting precipitation, but also a negative association with the PDO index from 

the previous year.  In contrast, Dugger et al. (2005) found a negative relation between 

winter precipitation and NYF in a portion of the CAS study area, while I found a 

quadratic relation with late nesting season precipitation (in competing, but not top 

model).    

Associations with winter weather   

 

Although it was not a competitive model in any of the survival analyses, total 

winter snowfall was by far the most important climate factor affecting reproduction at 
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CLE as well as for the meta-analysis.  The quadratic relation between snow and NYF 

suggests that effects of snowfall may operate through indirect rather than direct 

mechanisms.  CLE had the highest annual snowfall of any area, often receiving twice as 

much snow as any of the other areas for a given year.  Snowpack can have larger effects 

on year-round moisture conditions, particularly in areas with high snowfall.   Lehmkuhl 

et al. (2006) reported that annual survival of northern flying squirrels in the eastern 

Washington Cascades was negatively associated with maximum snow depth and high 

recruitment was associated with truffle biomass and understory plant species richness.  

Additionally, rates of population growth of flying squirrels in this region were density-

dependent (Lehmkuhl et al. 2006).  Foraging efficiency of owls is also likely reduced in 

heavy snow conditions.    

Associations with storms 

 

I hypothesized that storms during nesting season would negatively affect 

reproduction and that storms would have a larger effect on reproduction than on annual 

survival.  The effects of storms on reproduction were evident only at HJA and OLY.  

Furthermore, the effects of storms on reproduction differed for the 2 areas. At OLY there 

was some evidence for a positive or quadratic relation between reproduction and the 

number of storms on an annual basis, while reproduction was negatively associated with 

the number of annual storm events at HJA.   The timing of storm events may be critical 

with regard to their effects on reproduction.  The storm data available from the National 

Climatic Data Center included the # days with snow and ice, high winds, or temperature 

extremes during seasonal periods.  I was not able to relate occurrence of storms with start 
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date of nesting or hatching dates for owls on my study areas.  Although I expected 

extreme weather to affect reproduction more than survival, other studies reported results 

similar to mine.  Annual survival of barn owls in Europe was related to winter severity, 

with differing effects for juveniles and adults; however, brood size was not related to 

harshness of the preceding winter (Altwegg et al. 2006).  

Associations with large-scale weather patterns and regional climate cycles 

 

 Large-scale climate factors associated with reproduction of northern spotted owls 

differed from those associated with annual survival.  While the drought index (PDSI) was 

a component of top annual survival models at OLY, CLE, and OCR, it was not in any of 

the top models for reproduction.  Rather, quadratic relations with annual precipitation, 

growing season precipitation, and winter snowfall were most strongly associated with  

reproduction at OLY, CLE, and CAS, suggesting that deviations from average 

precipitation/moisture levels in the previous year or winter had negative effects on 

reproduction.    At CLE and CAS, I also found evidence of higher reproduction following 

warmer, drier dispersal seasons.  Again, this relationship suggests indirect effects 

between prey populations and spotted owl reproduction.  Warm, wet dispersal periods 

may promote fungi growth (Luoma et al. 2003) which may result in increased northern 

flying squirrel populations, increased survival of flying squirrels during fall and winter, 

and consequently higher prey populations in following spring. 

At the 2 Washington study areas, the climatic factors that had the strongest 

associations with reproduction were deviations from average moisture levels.  Both the 

quadratic relation with growing season precipitation at OLY and the quadratic relation 
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with snowfall at CLE indicated that higher or lower than average levels of precipitation 

were associated with lower reproduction.  Similar associations between precipitation and 

reproduction were reported for Mexican spotted owls, where Seamans et al. (2004) found 

positive associations between reproduction and precipitation during the previous winter, 

monsoon season, or previous year.  For California spotted owls, reproduction was highest 

when a wet year preceded a dry nesting season (LaHaye et al. 2002).   The authors 

proposed 2 hypotheses to explain these effects including (1) an indirect link between 

reproduction and precipitation during the previous year where prey populations (dusky 

footed woodrats) were positively affected by wetter conditions; and (2) a direct effect of 

reduced nestling survival during wet springs, both of which are applicable to my study 

areas as well.  LaHaye et al. (2002) stressed the need for continued long-term studies to 

identify the mechanisms through which climate influences spotted owl population 

dynamics.  In particular, studies on the effects climate on small mammal populations 

across the range of the northern spotted owl are needed. 

While the Southern Oscillation had a stronger relation to annual survival, 

reproduction was associated with the Pacific Decadal Oscillation at CLE, HJA, OCR, and 

TYE.  Reproduction was also related to the SOI at OCR.   At all areas, reproduction was 

higher 2 years following a cool, wet phase of the PDO during the winter months.  

Although the PDO was a component of top models for most study areas, it was not a 

component of the top meta-analysis models.  The mechanisms through which these large 

scale climate cycles affect demography were not readily apparent.  In particular, it was 

not clear why the SOI was linked with survival, while reproduction was more closely 
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related to the PDO.  PDO events typically persist for 20-30 years, while SOI events cycle 

on a 6-18 month pattern.  For most of 1980s and 1990s, the PDO was in the warm phase.   

However, this cycle underwent several phase reversals in the late 1990s, exhibiting a 

shorter cycle period than at any other time during 20
th

 century.    

Potential Biases in Estimating Reproduction 

 

 Potential biases in estimating reproduction may occur when owl pairs or 

individual owls cannot be located in a particular year.  If missing pairs do successfully 

reproduce, reproduction for that year is underestimated.  However, if they fail to 

reproduce, reproduction is overestimated.  Regardless of which bias is more prevalent, 

they tend to cancel each other out as both scenarios may occur in the same year.  Given 

that resighting probabilities for spotted owls are generally high, the frequency of missing 

data in most years was generally low (<10%). 

Summary and Conclusions  

 

The climate factors that affected reproduction across my 6 study areas differed 

from those that affected annual survival.  My set of a priori models compared effects of 

weather during the nesting period with climate conditions over longer time periods and 

larger spatial scales than previous studies.  I found that associations with local weather 

(temperature and precipitation) appeared to be stronger for reproduction than for survival.  

However for several areas, larger-scale climate patterns (drought index, climate cycles) 

explained more variability in reproduction than local weather.  Given that the year-to-

year variation in reproduction was high, it was reasonable to expect that the dynamics of 

spotted owl reproduction should be strongly influenced by variation in environmental 
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conditions (Saltz et al. 2006).   However, I found that the amount of temporal variation 

accounted for by climate varied widely across study areas.  Furthermore, my analyses 

indicated that a suite of factors including owl age, proportion of sites with barred owl 

detections, geographic location within the study area (east-west), and climatic factors all 

influenced annual reproduction of spotted owls in this region.  Climate appears to affect 

reproduction both through direct effects on nest success and nestling survival, as well as 

indirectly through effects on prey populations.   Indirect effects can be particularly 

challenging to identify, as forest composition and the small mammal communities that 

comprise spotted owl diets vary geographically and may respond differently to 

environmental variation.   

Although the evidence supports the hypothesis that northern spotted owls follow a 

bet-hedging life history strategy, there appears to be a range of variability in annual 

reproduction and survival rates across range of the species (Anthony el al. 2006, Loschl 

2008).  In my analyses, annual reproduction was highest and survival was lowest at CLE.  

In contrast, reproduction was lower while annual survival was high at OCR, suggesting 

that these 2 areas may represent differences in life history strategies across the range of 

this species.  The consequences of variation in weather on spotted owl population 

dynamics ultimately depends on the relative contributions of demographic rates to rate of 

population growth (see chapter 4).  Populations with high annual survival will be more 

affected by factors that cause changes in adult survival rates, while populations with 

lower or more variable survival will be more greatly affected by factors affecting 

reproduction (Lande 1993, Noon and Biles 1990).    
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Food is a primary factor influencing reproductive success of raptors (Newton 

1979).  Although population dynamics of many small mammals have been linked to 

weather, specific effects of seasonal and annual weather on prey species across the range 

of the spotted owl have yet to be identified.  Similar to many other studies of effects of 

climate on ecological processes (Hallett et al. 2004), I found that large scale climate 

indices were often useful predictors for reproduction of northern spotted owls.  

Identifying the mechanisms through which these cycles influence reproduction of spotted 

owls can be difficult because of long causal chains and indirect effects (Krebbs and 

Berteaux 2006).  In other systems, causal mechanisms have been better established.  For 

example, Lima et al. (2001) found that feedback mechanisms between density-

dependence, predation by barn owls, and climate appeared to operate simultaneously in 

determining demography of leaf-eared mice (Phyllotis darwini) in Chile.   Population 

growth rate of barn owls was negatively related to density and positively related to the 

abundance of leaf-eared mice (Lima et al. 2002).  Rosenberg et al. (2003) hypothesized 

similar relations between northern spotted owls and forest mammal species in the Pacific 

Northwest.   However, long-term studies of effects of climate on the population dynamics 

of forest mammals have yet to be conducted. 

  Predicted effects of climate change in the Pacific Northwest in the 21
st
 century 

include warmer, wetter winters and hotter, drier summers (Parson et al. 2001).  Climate 

models project an average warming of 1.5˚C  by 2030, 3.0 ˚C  by 2050, and 4.0-6.0˚C  by 

2090 (Mote et al. 2008).  Precipitation is projected to increase as well, but increases will 

be greatest in winter with potential decrease during summer months resulting in an 
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overall decrease in water availability.    Reproduction had a quadratic relation with 

precipitation at OLY and CAS and a quadratic relation with snow at CLE.  Given that 

reproduction was highest at all of these areas when precipitation was near average levels, 

it appears that an increase in precipitation could negatively affect reproduction, although 

the seasonality of precipitation changes will likely be critical.  As reproduction was 

negatively related to early nesting season precipitation at OCR and TYE and negatively 

related to storm events at HJA, an increase in winter precipitation persisting into March 

and April could have negative effects on northern spotted owl reproduction.  Although 

reproduction was related to the Pacific Decadal Oscillation at 4 of 6 study areas, effects 

of global climate change on large scale climate cycles such as the PDO and SOI remains 

unclear (Mote et al. 2005).   
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Figure 3.1  Weight of evidence for a priori hypotheses regarding the effects of weather 

and climate on annual reproduction of northern spotted owls on 4 study areas in Oregon 

and 2 study areas in Washington, 1985-2005.  AIC weights are represented on a scale of 

0-100. 
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Figure 3.2.  Estimated annual reproduction (# young fledged per pair per year) of 

northern spotted owls on the Olympic Peninsula (OLY) study area in relation to growing 

season precipitation,1989-2003.  Mean values of BO and East-west were used for plots, 

year was assumed to be “even”.  
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Figure 3.3.   Estimated  annual reproduction (# young fledged per pair per year) of 

northern spotted owls on the Cle Elum (CLE) study area in relation to climate,1990-2005.  

The mean value of East-west was used for plots, and year was assumed to be “even”.  

Mean values of climate covariates for those not being evaluated in specific graphs were 

also used.
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D. Dispersal season precipitation 

 
E. Dispersal season mean daily maximum temperature 

 
 

F. Pacific Decadal Oscillation during the winter 2 years earlier 
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Figure 3.4  Estimated annual reproduction (# young fledged per pair per year) of northern 

spotted owls on the H.J. Andrews (HJA) study area  in relation to climate,1989-2005.  

Year was assumed to be “even” for plotting graphs.  Mean values of climate covariates 

for those not being evaluated in specific graphs were also used 
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Figure 3.5.  Estimated annual reproduction (# young fledged per pair per year) of 

northern spotted owls on the Oregon Coast Range (OCR) study area in relation to 

climate,1990-2005.  The mean value of East-West was used for plots, and year was 

assumed to be “even”.  Mean values of climate covariates for those not being evaluated in 

specific graphs were also used. 
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Figure 3.6.   Estimated annual reproduction (# young fledged per pair per year) of 

northern spotted owls on the Tyee (TYE) study area in relation to climate,1985-2005.  

Year  was assumed to be “even” for plotting graphs.  Mean values of climate covariates 

for those not being evaluated in specific graphs were also used. 
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Figure 3.7.   Estimated  annual reproduction (# young fledged per pair per year) of 

northern spotted owls on the Southern Oregon Cascades (CAS) study area in relation to 

annual precipitation,1991-2005.  Year was assumed to be “even” for plotting graphs.  

Mean values of climate covariates for those not being evaluated in specific graphs were 

also used. 
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Figure 3.8.   Estimated annual reproduction (# young fledged per pair per year) of  

northern spotted owls from a meta-analysis of 6 study areas in Washington and Oregon in 

relation to climate, 1985-2005.  Mean values of climate covariates for those not being 

evaluated in specific graphs were also used. 
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Table 3.1.  A priori hypotheses regarding effects of climate and weather on annual 

reproduction of northern spotted owls in Oregon and Washington, 1985-2005. 

Hypotheses Effects References 

1. Spotted owl 

reproduction will be 

negatively affected by 

cold, wet nesting seasons.   

Fledglings are susceptible to mortality from cold, wet 

conditions.  Prey populations may also decline during 

cold, wet periods.   

Franklin et al. 2000, 

Dugger et al. 2005, 

Olson et al. 2004,  

Forsman et al. 1984 

2. Spotted owl 

reproduction will be 

negatively affected by 

cold, wet  winters.   

Adult owls may be in poor physical condition going into 

the nesting season following harsh winters.  Prey 

populations may also decline and foraging efficiency of 

owls may be reduced during harsh winters.  Effect s will 

likely be greater at high elevation study areas. 

 

Franklin et al. 2000, 

Dugger et al. 2005, 

Olson et al. 2004 

3. Spotted owl 

reproduction will be 

negatively affected by 

heavy snowfall. 

 

Winters with heavy winter snow may result in adults 

being in poor condition during the following breeding 

season.  Snow during nesting period may decrease 

nestling survival.  Owls may experience decreased 

foraging success of in prolonged heavy snow.  Heavy 

snow may also decrease prey populations, resulting in 

poor conditions during the following breeding season.  

Sasvari and Nishiumi 

2005, 

Altwegg et al. 2006 

4. Increased numbers of 

storms will negatively 

affect owl reproduction. 

Stormy conditions may result in loss of nest trees or nest 

failure.  Foraging efficiency may decline during stormy 

conditions.  Prey populations may decline during 

periods of high storm frequency. 

Forsman et al. 1984, 

Lande 1993, Coulson 

et al. 2001 

5. Combined effects of 

storms and  cold, wet 

winters and nesting 

seasons will negatively 

affect owl reproduction. 

 

Combinations of  hypotheses 1,2, 3, and 4. Coulson et al. 2001, 

Neuhaus et al. 1999 

6.  Reproduction may be 

positively correlated with 

conditions that increase 

primary productivity. 

Conversely, drought will 

have a negative effect. 

Reproduction will be positively related to weather 

conditions that increase primary productivity and prey 

population sizes and consequently owl reproduction.  

Fungi production (primary food of flying squirrels) may 

be positively affected by warm, wet summer and fall 

conditions.  Small mammal populations are negatively 

affected by drought.  There may be lag between weather 

and effects on reproduction.   

 

La Haye et al. 2004, 

Luoma et al. 2003, 

Spevak 1993, 

 

7. Reproduction may be 

related to climate indices 

(Southern Oscillation, 

Pacific Decadal 

Oscillation) that reflect 

regional climatic 

conditions. 

Climate indices reflect both temperature and 

precipitation, both of which may affect owl reproduction 

and have been linked to large scale ecological processes.  

There may be a lag time between weather conditions 

and effect on owl reproduction.  

Coulson et al. 2001, 

Wilson et al. 2005, 

Sillett et al. 2000  

8. Effects of climate on 

reproduction will vary 

across the 6 study areas. 

Vegetation, climate, and prey species vary across the 

owls’ range; consequently, effects of weather and 

climate on reproduction at each area likely vary as well.  

Anthony et al. 2006 
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Table 3.2. Monitoring dates and summary of reproductive data for northern spotted owls 

collected on 6 study areas in Oregon and Washington, 1985-2005. 

Study Area Start End 

Total # 

Records of 

NYF (yr-

territory) 

# unique owl territories 

on study area 

OLY 1989 2003 853 118 

CLE 1990 2005 450 56 

HJA 1989 2005 1041 112 

OCR 1990 2005 1375 156 

TYE 1985 2005 1011 94 

CAS 1991 2005 942 122 

Meta-

analysis 

1985 2005 5601 658 
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Table 3.3.  Top and competing (within 2 ∆AICc units)  mixed model linear regression 

models examining effects of weather and climate on northern spotted owl reproduction 

on 4 study areas in Oregon and 2 study areas in Washington, 1985-2005.    

Area Model (covariance structure) AICc ∆AICc K 

AICc 

W 

OLY AR(1)     
1 βIntercept + β Male age + β Female age + β East-West + β BO + β 

even-odd +β previous growing season PRECIP + β previous growing season 

PRECIP
2 
  

1908.5 0.00 12 0.341 

2 βIntercept + β Male age + β Female age + β East-West + β BO + β 

even-odd +β previous growing season PRECIP + β previous growing season 

PRECIP2
 
 + β ln_# annual storm days

 
 
  
 

1909.1 0.66 13 0.253 

3 βIntercept + β Male age + β Female age + β East-West + β BO + β 

even-odd +β previous growing season PRECIP + β previous growing season 

PRECIP2
 
 + β ln_# winter storm days

 
 
  
 

1909.6 1.18 13 0.197 

      

Base 

Model 

 

βIntercept + β Male age + β Female age + β East-West + β BO + β 

Even-odd
 
  

1916.7 8.20 10 0.001 

 

CLE AR(1)     

1 βIntercept + β Male age + β Female age + β East-West + β even-odd +  

β  early nesting TMIN +  β  late nesting TMIN  + β  dispersal PRECIP + β  

dispersal TMAX  + β  SNOW + β  SNOW2 + β  WinterPDO-lag2 

1121.2 0.00 18 0.357 

2 βIntercept + β Male age + β Female age + β East-West +  β  dispersal 

PRECIP  + β  SNOW + β  SNOW2 + β  WinterPDO-lag2  

1121.7 

 

0.50 16 0.278 

3 βIntercept + β Male age + β Female age + β East-West + β even-odd +  

β  winter TMIN +  β  early nesting TMIN +  β  late nesting TMIN  + β  

dispersal PRECIP + β  dispersal TMAX  + β  SNOW + β  SNOW2 + β  

WinterPDO-lag2 

1122.6 1.64 19 0.157 

Base 

Model 

 

βIntercept + β Male age + β Female age + β East-West + β even-odd 1136.3 15.10 10 0.00 

 

HJA AR(1)     

1   βIntercept + β Male age + β Female age + β Even-odd + β # annual storm 

days + β annual PDO (lag2) 

2381.0 

 

0.00 12 0.43 

 

2 βIntercept + β Male age + β Female age + β Even-odd + β # annual storm 

days + β winterl PDO( lag1) 

2381.1 0.10 12 0.41 

 

Base 

Model 

βIntercept + β Male age + β Female age + β Even-odd 2392.8 11.8 

 

10 0.00 

 

      

OCR ARH(1)     

1 βIntercept + β Male age + β Female age + β East-West + β evenodd +  

β  early nesting PRECIP +  β  late nesting PRECIP + β  WinterPDO-lag2 + 

β  WinterSOI-lag2 

2815.5 0.0 30 0.453 

2 βIntercept + β Male age + β Female age + β East-West + β evenodd +  

β  early nesting PRECIP +  β  late nesting PRECIP + β  WinterPDO-lag2 

2817.3 1.85 29 0.180 

Base 

Model 

βIntercept + β Male age + β Female age + β East-West + β Even-odd 2828.2 12.7 26 0.00 
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Table 3.3 (Cont.) 

TYE ARH(1)     

1 βIntercept + β Male age + β Female age + β East-West +  β  ln_early 

nesting PRECIP + β  Annual PDO-lag 

2266.0 0.00 32 0.13 

2 βIntercept + β Male age + β Female age + β East-West +  β  Annual 

PRECIP + β  Annual PDO-lag 

2266.9 0.90 32 0.08 

3 βIntercept + β Male age + β Female age + β East-West +  β  ln_early 

nest PRECIP + β  late nest PRECIP + β  late nest PRECIP
2
 

2267.7 1.65 33 0.06 

4 βIntercept + β Male age + β Female age + β East-West +  β  ln_early 

nest PRECIP + β  late nest PRECIP + β  late nest PRECIP
2
+ β ln_winter 

PRECIP 

2267.9 1.83 34 0.05 

Base 

Model 

βIntercept + β Male age + β Female age + β East-West + β Even-odd 2270.7 4.70 31 0.01 

      

CAS ARH(1)     

1 βIntercept + β Male age + β Female age  + β even-odd +β previous 

annual PRECIP + β previous annual PRECIP
2 
  

2255.5 0.00 24 0.146 

2 βIntercept + β Male age + β Female age  + β even-odd +β previous 

growing season PRECIP 

2255.8 0.25 23 0.129 

3 βIntercept + β Male age + β Female age  + β even-odd +β dispersal 

PDSI 

2256.8 1.24 23 0.079 

4 βIntercept + β Male age + β Female age  + β even-odd +β late nest 

PRECIP + β late nest  PRECIP
2 
  

2257.1 1.55 24 0.067 

Base 

Model 

βIntercept + β Male age + β Female age  + β even-odd 2262.9 7.40 22 0.004 

 

      

Male age, Female age: categorical age classes- 1
st
 year subadult, 2

nd
 year subadult, and adult 

East-West: position in study area along an east-west gradient. 

BO: proportion of owl territories in the study area with barred owl detections for  a given year 
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Table 3.4.  Model-averaged regression coefficients (β) from models examining effects of 

climate on northern spotted owl reproduction on 6 study areas in Oregon and 

Washington, 1985-2005.  

Study 

Area Parameter 

Model 

Averaged 

Parameter 

Estimate 

Unconditional 

SE 

Lower 

95% CI 

Upper 

95% CI 

OLY Intercept -0.627 0.490 -1.59 0.334 

 Adult male 0.703 0.200 0.311 1.094 

 Adult female 0.259 0.144 -0.024 0.542 

 East-West 0.002 0.001 -0.001 0.004 

 Even-odd (odd) -0.487 0.191 -0.962 -0.113 

 BO -1.067 1.152 -4.046 1.911 

 Previous growing 

season PRECIP 

0.007 0.002 0.003 0.012 

 Previous growing 

season PRECIP
2
 

-0.00004 0.00001 -0.00006 -0.00002 

 Ln_# annual storm 

days 

0.186 0.149 -0.105 0.478 

 # annual storm 

days 

0.070 0.038 -0.004 0.144 

 # annual storm 

days 
2
 

-0.0016 0.00089 -0.0033 0.00019 

 # winter storm 

days 

0.153 0.166 -0.172 0.478 

 

      

CLE Intercept -2.466 0.760 -3.956 -0.977 

 Adult +s2  male 0.865 0.247 0.382 1.348 

 Adult +s2 female 1.054 0.210 0.642 1.466 

 East-West 0.015 0.003 0.009 0.021 

 Even-odd (odd) -0.210 0.136 -0.477 0.058 

 Winter TMIN 0.026 0.036 -0.045 0.097 

 Early Nesting 

TMIN 

0.133 0.068 -0.001 0.267 

 Late Nesting 

TMIN 

-0.102 0.050 -0.199 -0.005 

 Dispersal PRECIP 0.012 0.005 0.002 0.022 

 Dispersal TMAX 0.068 0.035 0.000 0.135 

 Snow 0.004 0.002 -0.001 0.008 

 Snow
2
 -5.3E-06 2.4E-06 -9.9E-06 -6.9E-07 

 Winter PDO-lag2 -0.166 0.064 -0.291 -0.041 
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Table 3.4 (Cont.) 

HJA Intercept -0.050 0.235 -0.510 0.410 

 Adult male 0.358 0.169 0.026 0.689 

 Male Age-1
st
 year 

subadult 

-0.185 0.331 -0.834 0.464 

 Adult female 0.317 0.121 0.080 0.555 

 Female Age -1
st
 

year subadult 

-0.042 0.214 -0.462 0.378 

 Even-odd 0.432 0.121 0.195 0.669 

 # annual storm 

days 

-0.013 0.007 -0.026 0.001 

 Annual PDO 

(lag2) 

-0.117 0.062 -0.238 0.005 

 Winter PDO (lag2) -0.105 0.063 -0.229 0.018 

      

      

OCR Intercept 0.0908 0.1900 -0.2815 0.4632 

 Adult male 0.4912 0.1216 0.2529 0.7296 

 Male Age-1
st
 year 

subadult 

0.2959 0.2653 -0.2242 0.8159 

 Adult female 0.1393 0.0857 -0.0287 0.3073 

 Female Age -1
st
 

year subadult 

-0.1027 0.1829 -0.4611 0.2558 

 East-West 0.0026 0.0014 -0.0001 0.0053 

 Even-odd (odd) -0.2744 0.1074 -0.4850 -0.0638 

 Early Nesting 

PRECIP 

-0.0094 0.0025 -0.0143 -0.0045 

 Late Nesting 

PRECIP 

0.0136 0.0055 0.0029 0.0244 

 Winter PDO-lag2 -0.2127 0.0671 -0.3443 -0.0812 

 Winter SOI-lag2 -0.1267 0.0624 -0.2489 -0.0045 

      

TYE Intercept 0.750 0.482 -0.194 1.696 

 Adult male 0.220 0.103 0.019 0.422 

 Male Age-1
st
 year 

subadult 

-0.288 0.185 -0.651 0.075 

 Adult female 0.250 0.090 0.075 0.426 

 Female Age -1
st
 

year subadult 

-0.223 0.136 -0.489 0.044 

 East-West 0.012 0.004 0.005 0.019 

 



185 

 

 

Table 3.4(Cont.) 

 ln_Early Nesting 

PRECIP 

-0.236 0.131 -0.494 0.021 

 Late nesting 

PRECIP 

0.0458 0.0303 0.0167 0.1052 

 Late nesting 

PRECIP
2
 

-0.0021 0.0011 -0.0032 -9.1E-06 

 

 Ln_winter 

PRECIP 

-0.2144 0.1519 -0.3602 8.3E-02 

 Annual PDO –lag2 -0.123 0.065 -0.250 0.004 

 Annual PRECIP -0.0024 0.0015 -0.0038 0.0005 

      

CAS Intercept -0.301 0.312 -0.912 0.309 

 Adult male 0.358 0.131 0.101 0.614 

 Male Age-1
st
 year 

subadult 

0.394 0.095 0.207 0.580 

 Adult female 0.688 0.100 0.491 0.884 

 Female Age -1
st
 

year subadult 

-0.301 0.312 -0.912 0.309 

 Even-odd 0.358 0.131 0.101 0.614 

 Annual PRECIP 7.28E-03 3.87E-03 -3.14E-04 1.49E-02 

 Annual PRECIP
2
 -4.00E-05 1.50E-05 -6.94E-05 -1.06E-05 

 Growing season 

PRECIP (linear) 

-0.012 0.004 -0.019 -0.005 

 Dispersal PDSI 

 

-0.047 0.014 -0.075 -0.020 

 Growing Season 

PRECIP 

5.3E-04 1.4E-02 -2.7E-02 2.8E-02 

 Growing season 

PRECIP
2
 

-2.3E-04 2.5E-04 -7.2E-04 2.6E-04 

 Late nesting 

PRECIP 

0.036 0.025 -0.014 0.086 

 Late nesting 

PRECIP
2
 

-0.0020 0.0009 -0.0038 -0.0002 
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Table 3.5. Top models for meta-analysis of effects of climate on northern spotted owl 

reproduction on 2 study areas in Washington and 4 study areas in Oregon, 1985-2005. 

 

Rank Model K AICc 

∆ 

AICc 

Likeli-

hood 

AICc 

w 

1 βIntercept + β Male age + β Female age 

+βarea+β BO+β (area*BO) + β snow +β 

snow2
 
+ β summer TMAX + β dispersal 

TMAX 

26 13087.90 0.00 1.000 0.876 

2 βIntercept + β Male age + β Female age 

+βarea+β BO+β (area*BO) + β snow +β 

snow2
 
+ β summer TMAX 

25 13091.8 3.90 0.142 0.125 

3 βIntercept + β Male age + β Female age 

+βarea+β BO+β (area*BO) + β snow +β 

snow2 

24 13109.29 21.39 0.000 0.000 

4 βIntercept + β Male age + β Female age 

+βarea+β BO+β (area*BO) + β summer 

TMAX + β dispersal TMAX 

24 13116.60 28.70 0.000 0.000 

5 βIntercept + β Male age + β Female age 

+βarea+β BO+β (area*BO) 
 
+ β summer 

TMAX 

23 13123.70 35.80 0.000 0.000 

6 βIntercept + β Male age + β Female age 

+βarea+β BO+β (area*BO) + β growing 

season PRECIP + β summer TMAX 

24 13125.71 37.81 0.000 0.000 

7 βIntercept + β Male age + β Female age 

+βarea+β BO+β(area*BO) + β LN (annual 

PRECIP) 

23 13131.88 43.98 0.000 0.000 

Base 

Model 

βIntercept + β Male age + β Female age 

+βarea+βBO+β (area*BO) + β even-odd 

23 13132.70 44.80 0.000 0.000 
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Table 3.6.  Parameter estimates for covariates in top climate model for meta-analysis of 

northern spotted owl reproduction at 4 study sites in Oregon and 2 study sites in 

Washington, 1985-2005.    

   95% Confidence Interval 

 Beta estimate SE Lower Upper 

intercept 0.03577 0.2041 -0.36427 0.435806 

adult male 0.3523 0.06857 0.217903 0.486697 

subadult male 

(OLY, CAS) 
-0.1583 0.1219 -0.39722 0.080624 

1
st
 year subadult 

male 
-0.1959 0.1315 -0.45364 0.06184 

2
nd

 year 

subadult male 
Reference    

adult female 0.2847 0.0575 0.172 0.3974 

subadult female 

(OLY, CAS) 
-0.07734 0.101 -0.2753 0.12062 

1
st
 year  

subadult female 
-0.2368 0.09824 -0.42935 -0.04425 

2
nd

 year  

subadult female 
Reference    

HJA -0.9819 0.08402 -1.14658 -0.81722 

OCR -1.1017 0.09361 -1.28518 -0.91822 

OLY -0.538 0.1136 -0.76066 -0.31534 

TYE -0.9774 0.1063 -1.18575 -0.76905 

CAS -0.843 0.08574 -1.01105 -0.67495 

CLE Reference    

BO -0.8656 0.2386 -1.33326 -0.39794 

BO*HJA 0.9928 0.5561 -0.09716 2.082756 

BO*OCR 0.6848 0.2469 0.200876 1.168724 

BO*OLY -0.7857 0.5708 -1.90447 0.333068 

BO*TYE 0.9381 0.3293 0.292672 1.583528 

BO*CAS 0.9105 0.3664 0.192356 1.628644 

SNOW 0.00115 0.000298 0.000566 0.001734 

SNOW
2
 -2.77E-06 0 -2.8E-06 -2.8E-06 

Summer TMAX 0.01396 0.008516 -0.00273 0.030651 

DispersalTMAX 0.02683 0.01098 0.005309 0.048351 
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Table 3.7. Variance components of mixed model analysis of NYF for 4 study areas in Oregon and 2 study areas in 

Washington.  Spatial variability is the random effects estimate of territory variability and temporal variability is the random 

effects estimate of year variability. 

 

OLY 

% of 

total 

% of 

temporal 

or spatial CLE 

% of 

total 

% of 

temporal 

or spatial HJA 

% of 

total 

% of 

temporal 

or spatial OCR 

% of 

total 

% of 

temporal 

or spatial 
Mean NYF 0.660   1.110   0.604   0.531   

σ
2
 Total Process  0.742   0.796   0.642   0.600   

σ
2
 temporal process (Year) 

 

0.200 26.88  0.191 24.06  0.114 17.71  0.111 18.44  

σ
2
 spatial process (Site) 0.030 4.08  0.079 9.97  0.017 2.62  0.016 2.63  

σ
2
 Model (total)  

 

0.085 11.46  0.245 30.68  0.057 8.88  0.064 10.68  

σ
2
 Residual 0.513 69.04  0.525 65.98  0.512 79.67  0.474 78.93  

             
σ

2
 Model (temporal)  0.0602  30.16 0.158  82.5 0.048  42.41 0.062  55.86 

σ
2
 Model (spatial)  0.000  0.20 0.045  56.62 0.001  3.57 0.002  9.77 

σ
2
 Climate (temporal)  0.017  8.51 0.152  79.0 0.019  16.45 0.026  23.42 

σ
2
 Climate (spatial) 0.000  0.00 0.000  0.00 na  na 0.0004  2.79 

σ
2
 Barred Owl (temporal) 0.004  1.80 na  na na  na na  na 

σ
2
 Male age, female age 

(temporal) 

0.000  0.00 0.004  2.09 0.000  0.00 0.000  0.00 

σ
2
 Male age, female age (spatial) 0.000  0.00 0.004  5.55 0.001  3.57 0.0011  6.88 

σ
2
 Even-odd (temporal) 0.039  19.18 0.003  1.35 0.029  25.44 0.035  31.89 

σ
2
 East-West (spatial) 0.000  0.00 0.041  51.07 na  na 0.0001  0.63 
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Table 3.7 (cont) 

              

TYE 

% of 

total 

% of 

temporal 

or spatial CAS 

% of 

total 

% of 

temporal 

or spatial 
Meta- 

Analysis 

% of 

total 

% of 

temporal 

or spatial 
   Mean NYF 0.618   0.745   0.663   

   σ
2
 Total Process  0.668   0.802   0.743   

   σ
2
 temporal process (Year) 

 
0.075 11.21  0.157 19.62  0.089 12.01 ` 

   σ
2
 spatial process (Site) 0.027 4.00  0.028 3.48  0.050 6.78  

   σ
2
 Model (total)  

 
0.058 8.70  0.129 16.08  0.058 7.82  

   σ
2
 Residual 0.567 84.79  0.617 76.90  0.603 81.21  

             

   σ
2
 Model (temporal)  0.024  32.18 0.127  80.41 0.011  12.19 

   σ
2
 Model (spatial)  0.000  0.00 0.002  8.24 0.022  44.64 

   σ
2
 Climate (temporal)  0.020  26.03 0.007  4.26 0.010  11.41 

   σ
2
 Climate (spatial) na  na 0.001  3.23 0.002  4.03 

   σ
2
 Barred Owl (temporal) na  na na  na na  na 

   σ
2
 Male age, female age 

(temporal) 
0.005  6.01 0.008  5.21 na  na 

   σ
2
 Male age, female age (spatial) 0.00  0.00 0.0001  1.43 na  na 

   σ
2
 Even-odd (temporal) na  na 0.112  70.95 na  na 

   σ
2
 East-West (spatial) na  na na  na na  na 

                σ
2
 BO*Area (temporal)       0.001  0.77 

   σ
2
 BO*Area (spatial)       0.020  40.61 
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CHAPTER 4 – LOCAL WEATHER, REGIONAL CLIMATE, AND ANNUAL 

RATE OF POPULATION CHANGE OF NORTHERN SPOTTED OWLS 

 

Abstract 

I used the reparameterized Jolly-Seber method (λRJS) to estimate annual rate of 

population change of territorial northern spotted owls and to identify associations 

between climate and rate of population change for 6 study areas in Washington and 

Oregon.  I also examined the relative contributions of annual survival and recruitment to 

λRJS, considering associations of climate on each.  Consistent with earlier studies, my 

results indicated that populations at 3 of 6 areas showed strong evidence of decline, while 

2 additional areas were likely declining as well.   Weather and climate were associated 

with both annual survival and recruitment of new individuals into the populations at all 

areas, and accounted for 3-85% of the temporal variation in λRJS.  Rate of population 

change was positively associated with wetter-than-normal conditions during the growing 

season at 4 areas, which likely affects prey availability.  Cold, wet winters and nesting 

seasons and high numbers of hot summer days were also negatively associated with λRJS.  

Rate of population change was more sensitive to adult survival than to recruitment; 

however, there was considerable variation across years and study areas in all 

demographic rates.   Presence of barred owls was associated with declines in recruitment 

at 4 of 6 areas.  Rate of population change was more sensitive to adult survival than to 

recruitment; however, there was considerable variation across years and study areas in all 

demographic rates.    
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Introduction 

 Two decades of research have documented declines in northern spotted owl 

populations across the Pacific Northwest (Anderson and Burnham 1992, Burnham et al. 

1994, Anthony et al. 2006).  To meet requirements of the Endangered Species Act and 

National Forest Management Act,  the Northwest Forest Plan (NWFP) was adopted by 

federal agencies in 1994 (USDA and USDI 1994).   Under this plan, conservation efforts 

for the spotted owl have focused on protection of late successional forest habitat on 

federal lands.  Given the contentiousness of management of late-successional forest for 

this species, the northern spotted owl has become one of the most well-studied avian 

species.  In addition to population trends, studies of habitat use (Carey et al. 1990, Glenn 

et al. 2004), home range size (Carey et al. 1990), diet (Forsman et al, 2001, 2004), 

genetics (Haig et al. 2004), prey ecology (Carey et al. 1992, Rosenberg and Anthony 

1992, Zabel et al. 1995), and dispersal (Forsman et al. 2002) have been conducted.   

Despite extensive research, the effectiveness of the NWFP strategy for conserving this 

species remains unclear (Courtney et al.2004).  Populations have shown continued 

declines since the early 1990s, and specific causes of declines have not been well-

identified (Anthony et al. 2006).  Conservation efforts have been further complicated by 

the range expansion of the conspecific barred owl (Strix varia) into the range of the 

northern spotted owl, with negative effects on occupancy of spotted owl territories (Olson 

et al. 2005).   Furthermore, both annual survival and reproduction have been shown to be 

affected by density-independent factors such as weather in addition to habitat conditions 

and demographic factors (Franklin et al. 2000, Olson et al. 2004, Dugger et al.2005).   
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Global climate change has increased the need to understand effects of 

environmental variation on the population dynamics of at-risk species.  Before effects of 

climate change can be addressed, effects of naturally occurring environmental variation 

on animal populations first need to be understood.  Retrospective studies of long-lived 

avian species such as spotted owls as well as numerous seabird species (Crespin et al. 

2006, Nevoux et al. 2007, Sandvik and Erikstad 2008) have provided excellent 

opportunities to examine effects of environmental variation on vital rates.  Such temporal 

and spatial variation in environmental conditions has often been ignored in life history 

theory (Stearns 1992).  However, recent advances in quantitative methodology (Pradel 

1996, Nichols et al. 2000, Nichols and Hines 2002) have provided new opportunities to 

examine effects of stochastic variation in vital rates on population growth rates, as such 

variation has important consequences for population persistence (Doak et al. 2005).  My 

analysis of the effects of climate on spotted owl annual survival (Chapter 2) and 

reproduction (Chapter 3) suggested that the specific climatic factors that influenced 

survival and reproduction of northern spotted owls were often different.  Additionally, the 

climatic factors with greatest effects on each demographic parameter varied spatially 

across range of the owl.    

Temporal variation in survival and reproduction can strongly influence population 

persistence over time (Caswell 2001).   Less variation typically occurs in the 

demographic trait(s) that most strongly influences variation in population growth rate 

(Caswell 2001), and it has been suggested that variation in  life history strategies is 

related to demographic stochasticity in numerous avian species (Sæther et al. 2004).   For 
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long-lived species with high adult survival and variable reproduction, population growth 

rate is more sensitive to changes in survival than to variation in annual reproduction 

(Sæther et al. 2004).   Similarly, survival rates of northern spotted owls were less variable 

than reproductive output (Anthony et al. 2006).  Given their life history strategy, 

environmental variation that affects adult survival would be expected to have a larger 

impact on population growth rate than environmental variation that affects recruitment.  

Traditionally, rates of population change (λ) have been estimated using Leslie 

projection matrices (Caswell 2001).    Projected λ (λPM) is computed using age-specific 

survival and fecundity rates.  This method assumes a stable age distribution where 

demographic rates for age classes remain constant over time and represents the 

asymptotic growth rate of population.  It therefore doesn’t reflect annual rates of 

population change.  Realized rate of population growth, on the other hand, is the 

observed rate of growth in successive samples of a population (Pradel 1996).   

Reparameterized Jolly-Seber (λRJS) or reverse-time capture-mark-recapture (CMR) 

models (Pradel 1996, Nichols et al. 2000) allow for time-specific estimates of realized λ 

as well as estimates of annual survival (φ), recruitment (f), and the relative contributions 

of survival and recruitment to λ at each time period.  These models use capture history 

data similar to Cormack-Jolly-Seber models, but consider capture histories from 

perspective of going backward in time.  While apparent survival is the probability that an 

animal alive and in the population at time t is alive and in the population at time t+1, 

seniority (γ) is the probability that an animal alive and in the population at time t was also 

alive and in the population in the preceding time period (t-1) (Pradel 1996).  This duality 
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between estimating survival by going forward in time and seniority by going backward in 

time allows for the estimation of λt without having to estimate population size (Pradel 

1996).   

While projected rate of population change (λPM ) may be of interest in prospective 

management studies, λRJS is most useful when the goal is to assess patterns of variability 

that have occurred  as in retrospective studies.  Furthermore, the relative contributions of 

survival and recruitment to λRJS can be assessed using the seniority parameter (Nichols et 

al. 2000) in a manner similar to sensitivity or elasticity analyses with matrix models 

where perturbation techniques are used to determine how the λPM responds to changes in 

survival or recruitment.  Sensitivities and elasticities from matrix models are useful for 

prospective analyses where the focus is on potential changes in population growth from 

changes in one of the demographic components.  However, they are less useful for 

populations with high temporal variability.  For retrospective studies, seniority can be 

interpreted as the contribution of survivors from time i to time i+1 or the relative 

contribution of survival to λRJS, while (1-seniority) is the relative contribution of new 

recruits to the population.  Given the manner in which demographic data are collected, 

λRJS has been identified as more appropriate than λPM for estimating population growth 

rate of northern spotted owls (see review in Anthony et al. 2006, p11). 

 Because stochastic variation can strongly influence avian population dynamics 

(Sæther et al. 2004), an understanding of the effects of environmental variability is 

necessary for evaluating population viability.  Northern spotted owls appear to follow a 

bet-hedging life history strategy with high, relatively stable survival rates and variable 
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annual reproduction (Franklin et al. 2000).  Given this life history strategy, the population 

growth rate should be more sensitive to changes in adult survival than to variation in 

annual reproductive output, and environmental variation that affects survival should have 

a greater effect on λ than environmental variation that effects reproduction (Lande 1993).  

However, both survival and reproduction have been shown to vary temporally as well as 

spatially across the range of the species.  Although habitat and weather have been shown 

to influence survival and reproductive output (Franklin et al. 2000, Olson et al. 2004), 

effects of environmental variation on rate of population change have not specifically been 

addressed for this species.  Even for large populations, population persistence can be 

more strongly affected by environmental stochasticity or random catastrophes than 

demographic stochasticity (Lande 1993).    Under “normal” environmental conditions, 

Franklin et al. (2000) proposed that even under unchanging habitat conditions, spotted 

owl populations could decline solely as a consequence of variation in weather.  Under a 

global warming scenario, potential effects of weather on population growth rate could be 

much greater, as changes in both the mean and variance of temperature, precipitation, and 

weather extremes are predicted (citation).   In order to understand the effects of climate 

change on population persistence, we first need to understand effects of naturally 

occurring climate fluctuations on spotted owl populations (Sandvik and Erikstad 2008).   

 My goal was to examine relationships between weather and climate on realized 

rate of population growth (λ RJS) for northern spotted owls at 6 study areas in Washington 

and Oregon by considering combined effects of climate on annual survival and 

recruitment.  In the previous 2 chapters, I conducted detailed analyses of the effects of 
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weather and climate on annual survival and reproduction.  I used results from these 

analyses as the basis to investigate associations between weather and climate and λRJS.  In 

particular, my objectives were to determine the relative contributions of annual survival 

and recruitment to the population growth rate, examine the relative influence of climate 

on each demographic rate, and determine how much process variation was accounted for 

by weather and climate for λ RJS, survival, and recruitment.   

Methods 

Study Areas 

 

I examined associations between weather and climate and realized rate of 

population change (λRJS) of northern spotted owls using data from 6 study areas in 

Washington and Oregon: Olympic peninsula (OLY), Cle Elum (CLE), H.J. Andrews 

(HJA), Oregon Coast Range (OCR), Tyee (TYE),  and Southern Oregon Cascades (CAS) 

(Figure 2.1).   

Field Methods 

 

Field methods followed Franklin et al. (1996), and data collection was 

standardized across all areas for all years (Anthony et al. 2006).  Owls were monitored at 

the 6 study areas beginning 1985-1991 and monitoring continued through 2005 for all 

areas except OLY, which was monitored through 2003.  Capture was defined as the 

physical capture of an individual or visual identification of marked owls with unique 

color-bands in subsequent years.  Capture histories were developed for banded 

individuals > 1 year old.  I developed capture history records for individual owls for the 
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lambda analysis rather than the territory- and year- specific capture histories that I used in 

the survival analysis (Chapter 2).     

 Two different survey protocols were used at the 6 study areas included in these 

analyses: density study areas (DSAs) where the entire area within study area boundaries 

was surveyed every year and territory study areas (TSAs) where specific owl territories 

within a larger geographic region were surveyed each year (Anthony et al. 2006).  TYE 

was the only DSA while the remaining 5 areas (OLY, CLE, HJA, OCR, CAS) were 

TSAs.  Despite the differences in survey protocol λRJS is interpreted as the change in 

number of territorial owls in the sampled area for both DSAs and TSAs (Anthony et al. 

2006).   

 Because other studies have found that resighting probabilities increased as 

researchers became more familiar with owls on a study areas, I followed the protocol of 

Anthony et al. (2006) where the first 1-5 years of data were removed from capture history 

records to reduce potential bias in estimates associated with initial location and banding 

of owls during the first few years of study.  Analyses conducted by Anthony et al. (2006) 

also determined that territories at these 6 study areas were not initially saturated with 

owls at start of the survey period and there was room for expansion in these populations.  

The boundaries of the study areas remained unchanged from the modified start date, with 

the exception of a 1-time increase to some study areas to include areas that were 

subsequently added to the sample in later years.  Owl territories were added in a single 

expansion year, with data prior to the expansion year removed from the capture histories 

of owls occupying those territories.  However, owls in the territories added in the 
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expansion year were not considered new recruits and thus did not affect estimates of 

lambda.  Three of the 6 study areas (OLY, HJA, CAS) had a 1-time expansion of the 

study area boundaries.   

Statistical Methods 

I used an information-theoretic approach (Burnham and Anderson 2002) to rank a 

priori models representing hypotheses regarding effects of weather and climate on annual 

survival, recruitment, and rate of population growth.  I used AICc or QAICc to rank 

models.   I evaluated goodness-of-fit and obtained estimates of the overdispersion 

parameter (ĉ) for each data set using program RELEASE.  I used a multi-model inference 

approach and model averaged parameter estimates (∆AICc ≤ 2.0) to assess effects of 

climate and demographic factors on survival, recruitment, and rate of population change 

(Burnham and Anderson 2002).   Anthony et al. (2006) (p. 24) found little support for 

combining data across study areas and suggested that inferences about population change 

should be based on individual study areas.  Therefore, I did not combine data from the 6 

study areas into a meta-analysis.  

I used Pradel’s reverse time capture-mark-recapture (CMR) model for open 

populations (Nichols and Hines 2002, Pradel 1996) in Program MARK to evaluate 

effects of weather and climate on annual survival, recruitment, and annual rate of 

population change.  Because I hypothesized that climate would affect rate of population 

change through its effects on annual survival and/or recruitment, I used the survival and 

recruitment parameterization of the Pradel model in Program MARK.  Using this model 



199 

 

 

 

parameterization, Program MARK estimates λRJS and its standard error as derived 

parameters.   

As Pradel reverse time CMR models are not cohort-specific, age structure cannot 

be modeled.  Furthermore, estimates of λRJS reflect changes in population size due to 

births, deaths, and movement in or out of the study area.  Because juvenile owls have a 

high probability of emigrating from the study areas, capture histories used in these 

analyses included data from territorial individuals <1.0 year old (1
st
 year subadults, 2

nd
 

year subadults, and adults combined).   Therefore, λRJS refers to the rate of population 

change of the territorial owls on each study area.  Pradel reverse time CMR models 

assume that the area surveyed remains constant over the duration of the study.  For 3 

study areas (OLY, HJA, CAS), I had a 1-time increase in the study area boundaries to 

include owls detected after the initial start date.  For owls in these expansion groups, 

resighting probability was fixed to 0 for years prior to the expansion.   For the 1
st
 2 years 

after expansion, survival and recruitment for the expansion group owls were allowed to 

differ from the original core area; however, from the 3
rd

 year post-expansion to the end of 

the study period, demographic rates for the original and expansion year groups were 

assumed to be the same.  

 I used a 3-step approach for modeling effects of weather and climate on λRJS.  

First, I modeled recapture probabilities using factors identified as important in Chapter 2 

(Table 4.1).  Second, I evaluated a small set of models that considered both demographic 

and climate effects on annual survival (Table 4.1).  This a priori set of models was based 

on the top and competing survival models from Chapter 2.  I evaluated demographic 
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factors including sex, proportion of owl territories on the study area with barred owl 

detections (BO), and effects of reproductive effort on survival (REPROD) prior to 

evaluating climate effects.  Finally, I modeled recruitment, which differs from 

reproduction in that it is determined by both reproductive output and the rate of survival 

of juvenile owls into the territorial population.  Furthermore, for new individuals to be 

recruited into the territorial population vacant territories must be available.  To model 

recruitment, I evaluated demographic and climatic factors in the top and competing 

models for reproduction (Chapter 3) as well as demographic and climatic factors in top 

and competing models for annual survival (Chapter 2).  I also considered lags up to 3 

years on factors affecting recruitment, as owls often to do not enter the territorial 

population for several years after fledging.    

I calculated estimates of year-specific seniority rates (ϒ𝑖
 =  

𝜑 𝑖 

𝜆𝑖
 ) from the time-

specific estimates of φ and λ following methods of Nichols and Hines (2002).   The 

seniority rate (γ) can be interpreted as the relative contribution of survival to the realized 

population growth rate (Nichols et al. 2000, Nichols and Hines 2002).  Its complement 

(1- γ) is the relative contribution of recruitment to λ .   

Hypotheses Regarding Effects on Rate of Population Change 

 

 Ecological theory predicts that the demographic parameters to which λ has the 

greatest sensitivity should be less variable than those to which λ is less sensitive.  Based 

on spotted owl life history patterns reported in previous demographic studies (Franklin et 

al. 2000, Anthony et al. 2006), I hypothesized that λRJS would be more sensitive to 
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changes in annual survival than to variation in recruitment.  Given the differences in 

survival, reproduction, and climate effects that have been reported across the range of the 

species, I also hypothesized that λ would vary temporally as well as spatially across the 6 

study areas. The climate variables included in my Pradel reverse-time CMR models 

(Table 4.1) were a reduced set of the climate variables included in my survival (Chapter 

2) and reproduction (Chapter 3) analyses.  I hypothesized that climate effects on annual 

survival would be similar to effects reported in Chapter 2 (Table 2. 4) for each study area, 

and that recruitment would be affected by the climatic factors that influenced both 

reproduction (Table 3. 3) and annual survival (Table 2.4).   My statistical models to 

evaluate these climate effects were developed using the top and competing model 

structures from these 2 previous analyses.   However, as recruitment is a function of both 

births and survival of those young for long enough to be recruited into the territorial 

population, I included longer (up to 3 year) time lags on demographic and climate effects 

for recruitment than I did for survival. 

Demographic and Climate Data  

 

Demographic covariates in models included sex (male, female), proportion of owl 

territories with barred owl detections in a given year (BO), and mean number of young 

fledged per pair per year (REPROD) (Table 1).  I also evaluated time-varying (t) and time 

trend (T, ln T, TT) models for survival, recapture, and recruitment to assess temporal 

variability in these parameters.  I also included an even-odd year effect on recruitment as 

northern spotted owls have shown an alternating year pattern in reproductive output in 

many areas of their range (Anthony et al. 2006).  The climate covariates included in the 
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analyses were the same covariates as I used in Chapters 2 and 3 (Table 2. 2).  To evaluate 

seasonal weather effects, I considered weather and climate conditions for same seasonal 

time periods as for survival and reproduction (Chapter 2&3: early nesting season, late 

nesting season, summer, dispersal, winter), as well as annual and multi-year effects.  

Because λRJS is a population-level parameter, I did not include individual covariates in 

my analyses.  All climate covariates were time-varying covariates.  For temperature and 

precipitation covariates (PRISM data), which were site-specific in Chapters 2 and 3, I 

used the mean value across all owl territories within a study area for each seasonal/annual 

temperature and precipitation covariate.   

Results 

 

My analyses were based on capture history record for 2,110 individual owls on 

the 6 study areas.  OCR had the greatest number of owls (423) while CLE had the least 

(142) (Table 4.1).    TYE and HJA had 15 years of capture history data included in the 

analyses, while the remaining areas had 13 years.  Estimates of overdispersion from 

Program RELEASE ranged from 1.0 at CLE to 2.52 at OLY (Table 4.2).  In general, 

these results were consistent with results from Anthony et al. (2006).  I used AICc to rank 

models at CLE and QAICc for remaining areas.   

Demographic and Climate Factors Influencing Survival and Recruitment 

 

Olympic Peninsula (OLY) 

 At OLY, there were 3 similar and closely competing models for survival and 

recruitment (Table 4.2).  The effects of climate on survival and recruitment in the 3 

models were identical, and the models differed only in that the 2
nd

  ranked model did not 
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include a sex difference on survival and the 3
rd

 ranked model did not include an even-odd 

year effect on recruitment.  Annual survival was higher for males than females, and was 

negatively associated with proportion of owl territories with barred owl detections (Table 

4.3).  Survival was positively associated with wetter-than-normal conditions during the 

growing season and negatively associated with the # of winter storm days.  Beta 

estimates for effects on survival did not overlap 0 (Table 4.3).  Recruitment was 

negatively associated with the proportion of sites with barred owl detections and was 

higher in even-numbered years.   Recruitment was also negatively related (quadratic, but 

overall negative) to growing season precipitation (Table 4.3).  With the exception of the 

even-odd year effect, beta estimates did not overlap (Table 4.3).    Resighting probability 

was positively associated with mean number of young fledged per pair per year (Table 

4.3).    

Cle Elum (CLE) 

 At CLE, there were 2 similar and closely competing models for survival and 

recruitment (Table 4.2).  The top models contained effects of  drought conditions during 

the growing season (PDSI) and # nesting season storm days on survival, and a positive 

association with  # young fledged per pair per year  (REPROD) on resighting probability 

(Table 4.3).  Survival was positively associated with wetter-than-normal conditions 

during the growing season and had a quadratic relation with the number of nesting season 

storm days (Table 4.3).  Recruitment was highest when the # of storms during the nesting 

season was close to average (Table 4.3).   The top model contained negative effects of 

drought conditions 3 years prior during growing season on recruitment, while the 

competing model contained negative effects of both drought conditions and positive 
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effects of total winter snowfall  on recruitment, although 95% confidence intervals for 

snowfall overlapped 0 (Table 4.3).   

H. J. Andrews (HJA) 

 At HJA, there were 6 models that were competitive with the top model (Table 

4.2).  All models contained negative effects of # young fledged per pair per year on 

survival and a positive association between the proportion of sites with barred owl 

detections and resighting probability (Table 4.3).   The top 6 models had no climate 

effects on survival; however, the 7
th

 ranked model (∆AICc = 1.50) had a slight positive 

association between early nesting season precipitation and survival, although the 95% 

confidence interval overlapped 0.    

Recruitment was higher at the expansion year sites than the original sites and was 

negatively associated with the proportion of spotted owl territories with barred owl 

detections in the previous year for all models (Table 4.3).  For the top model and 3 

competing models, recruitment was negatively associated with early nesting season 

precipitation during the previous year, although the 95% confidence interval overlapped 

0.  In 2 competing models, recruitment was negatively associated with mean minimum 

winter temperature, and recruitment was negatively associated with early nesting season 

mean minimum temperature in one competing model which also contained an interaction 

between temperature and precipitation during early nesting season.  Recruitment was 

positively associated with the cool, wet phase of the PDO during the previous year in one 

competing model (Table 4.3).  For all models, 95% confidence intervals for climate 

effects on recruitment overlapped 0 (Table 4.3). 
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Oregon Coast Range (OCR) 

 At OCR, there were 3 models that were similar and competitive with the top 

model (Table 4.2).  For all models, there was a negative association between proportion 

of sites with barred owl detections and resighting probability and survival (Table 4.3).  

Annual survival was positively associated with wetter-than-normal conditions during the 

growing season (Table 4.3).  There was also an interaction between proportion of sites 

with barred owl detections and the drought index where the effect of moisture conditions 

on survival decreased as the proportion of sites with barred owl detections increased 

(Table 4.3).  

 For all models, recruitment was negatively associated with early nesting season 

precipitation in the previous year (Table 4.3).  In competing models, recruitment was also  

positively associated with early nesting season temperature in the previous year, 

negatively associated with late nesting season precipitation in the previous year, and 

positively associated with wetter-than-normal conditions in the previous year, although 

95% confidence intervals for these effects all overlapped 0 (Table 4.3).    

Tyee (TYE) 

 At TYE, there were 2 similar and closely competing models for survival and 

recruitment (Table 4.2).  For both models, recapture probability was greater for males 

than females, and was positively associated with the mean number of young fledged per 

pair per year (Table 4.3).   Annual survival was positively associated with both the warm, 

dry phase of the PDO and the el Niño phase of the SOI) in the previous year, although the 

beta estimate for PDO overlapped 0 slightly (Table 4.3).   In both models, recruitment 

was negatively associated with the proportion of sites with barred owl detections , early 
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nesting season precipitation in the previous year ,  and the warm, dry phase of the PDO 2 

years prior although the 95% CI for PDO overlapped 0 slightly (Table 4.3).  In the top 

model, there was also a positive association between recruitment and the la Niña phase of 

the SOI 2 years priori, although the 95% CI for this effect also overlapped 0 slightly 

(Table 4.3).    

Southern Oregon Cascades (CAS) 

  At CAS, the top model contained a negative effect of # hot summer days on 

survival and effects of winter precipitation, winter storms, and drought conditions on 

recruitment (Table 4.2).  Recruitment was positively associated with wetter-than-normal 

conditions during the growing season 2 years prior.  Recruitment also had a quadratic 

relation with both winter precipitation 2 years prior and  # of winter storm days 2 years 

prior( (Table 4.3).  Recruitment effectively decreased as winter precipitation increased, 

while recruitment was highest when the # of winter storm days was close to average.   

With the exception of # of winter storm days, beta estimates for the climate covariates did 

not overlap 0 (Table 4.3).   Recapture probability had a positive trend over time (Table 

4.3). 

 Annual Rate of Population Change 

 

 Mean estimates of λRJS were <1.0 at all 6 study areas (Table 4.4), although 95% 

confidence intervals overlapped 1.0 for OLY and TYE (Figure 4.2).  Mean annual rate of 

population change was highest at TYE (𝜆 RJS = 0.992, SE= 0.015) and lowest at CLE (𝜆 RJS 

= 0.092, SE= 0.015) (Figure 4.1).  Results indicated a decline in λRJS over time at CLE, 

HJA, and OCR (Figure 4.2B, C, D).   Year-specific estimates of λRJS were highly variable 
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at OLY (range: 0.63-1.23) and CAS (range: 0.81-1.23) (Figure 4.2A, F, Appendix H) and 

least variable at TYE (range: 0.92-1.07) and CLE (range: 0.87 – 1.04)(Figure 4.2B, E).   

At OLY, λt was highest when growing season conditions were wetter-than-normal and 

the number of winter storm days was low, although recruitment was somewhat lower 

when growing seasons during the previous year had high precipitation (Figure 4.3A).   

 Similarly, λ was highest at CLE when growing seasons were wetter-than-normal 

and the number of nesting season storm days was moderate (Figure 4.3B).  At HJA, λ 

was negatively related to early nesting season precipitation in the previous year (Figure 

4.3C), while λ at OCR was negatively related to nesting season precipitation but  also 

positively related to wetter-than-normal growing season conditions (Figure 4.3D).  At 

TYE, λ was highest following years when the SOI was in the el Niño phase and the PDO 

was in the cool, wet phase which occurred in 1989-1991and 1998-1999 (see Figure 

2.6C).  Similar to HJA and OCR, λ at TYE was lower following years with high nesting 

season precipitation.  At CAS, λ was highest following years with wetter-than-normal 

growing seasons, lower amounts of winter precipitation, and fewer days > 32˚ C (Figure 

4.3F).   

Relative contributions of survival and recruitment to λ 

 

 Time-specific seniority estimates (𝛾𝑡 ) calculated from  φ t  and  𝜆𝑡
   indicated that 

the relative contribution of survival to λRJS (~0.90) was much greater than recruitment 

(~0.10) for all areas, although relative contributions of survival and recruitment to λRJS 

varied over time (range: 0.76 – 0.99) and across study areas (Figure 4.4, Appendix H).   
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Year-to-year variation in seniority was greatest at OLY and CAS and least at CLE and 

OCR (Table 4.4, Figure 4.4).   

Variance Components 

 

 The top models accounted for 30-87% of the temporal process variation in λ, with 

climate accounting for 8-85% of this variation (Table 4.5).  Climate accounted for the 

most temporal variation in λRJS at TYE (84%) and OCR (78%) and least at HJA (3%) and 

CLE (8%).  The top models accounted for 2-100% of the temporal variation in annual 

survival, with climate accounting for 0-67% (Table 4.5).  Climate accounted for a 

substantial amount of variation only at OLY (67%), while the combined effects of barred 

owls and climate accounted for most (~100%) of the temporal process variation in 

survival at OCR.  At CLE, HJA, TYE, and CAS, <5% of temporal process variation in 

annual survival was accounted for by climate.  For recruitment, the top models accounted 

for 2-92% of the temporal process variation, with climate accounting for 2-51% of the 

temporal process variation (Table 4.5).  In general, climate accounted for more variation 

in recruitment than survival.  Climate accounted for 51% at CAS, 48% at OLY, 44% at 

TYE, and 25% at OCR.  Relatively low amounts of variation in recruitment were 

accounted for by climate for CLE (2%) or HJA (6%).   

Discussion 

 

Population trends over time 

 

Declining populations have been documented for northern spotted owls since the 

early 1990s (Anderson and Burnham 1992, Burnham et al.1994, Anthony et al. 2006).  

Consistent with these studies, estimates of λRJS in my study were < 1.0 for all areas, and I 
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found strong evidence for population declines at CLE, HJA, and OCR.  There was also 

evidence for declines at OLY and CAS, as point estimates were < 1.0 although 95% 

confidence intervals overlapped 1.0.  TYE was the only area where 𝜆 RJS appeared to be 

relatively stationary during the study period.  I observed declines in annual 𝜆 RJS over time 

at CLE, HJA, and OCR, and a high degree of year-to-year variation in λ at OLY and 

CAS.  Although both OLY and CAS had several years where λ >1.0, indicating an 

increase in numbers of owls from the previous year, this does not imply that populations 

necessarily returned to levels present in earlier years.  Fluctuating patterns in annual 𝜆 RJS 

can ultimately result in population declines, as evident in the mean 𝜆 RJS values (< 1.0) for 

OLY and CAS over this study period.  Estimates of λRJS only apply to years for which 

data were analyzed, thus predicting future trajectories based on these estimates is not 

recommended (Anthony et al. 2006).   

Estimates of λ RJS in this study varied over time and among study areas similar to 

Anthony et al. (2006).  Additionally, I found that the relative contributions of survival 

and recruitment to 𝜆 RJS varied over time and among study areas.  Mean seniority 

estimates were relatively similar across all 6 areas (range: 0.87-0.91), supporting my 

hypothesis that adult survival had the greatest influence on realized rate of population 

change.  Nevertheless, there was considerable temporal variation in the contribution of 

survival to λ over the course of the study, as well as differences among study areas 

regarding the relative contributions of survival in a given year.  As predicted, climate 

accounted for more temporal process variation in recruitment than survival.  However, 

the amount of temporal process variation in lambda accounted for by climate was 
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relatively high compared to that accounted for by climate for either survival or 

recruitment individually.   Anthony et al. (2006) investigated temporal variation in λ and 

at differences in λ across study areas; however, they did not identify specific mechanisms 

through which λ was affected.  My results indicated that climate was associated with 

population growth rates at all 6 study areas, although the specific effects and the strength 

of the relationship varied across the range of the species.   

Demographic factors affecting vital rates 

 

Demographic factors that were associated with survival, recruitment, and rate of 

population change included effects of reproductive effort and the proportion of owl 

territories on a study area with barred owl detections.  I also found an even-odd year 

effect on recruitment at OLY, likely related to the alternate-year pattern observed in 

annual reproduction (Chapter 3).   Similar to results reported in Chapter 2, annual 

survival at HJA was negatively associated with the number of young fledged per pair per 

year suggesting a “cost of reproduction” effect.  Likewise, presence of barred owls was 

negatively associated with annual survival at OLY.  I also observed a negative 

association between presence of barred owls and annual survival at OCR, which I had not 

detected in Chapter 2.   Differences between the annual survival and Pradel model results 

may have resulted from difference in the datasets used in the analyses.  The Pradel 

models did not include age classes or individual covariates (site specific weather data and 

position along an east-west gradient), both of which components of were top survival 

models at several areas (see Chapter 2).   
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Annual reproduction of northern spotted owls is highly variable (Chapter 3); 

however, recruitment of new individuals into the territorial population showed less 

temporal variation.  I found a negative association between the presence of barred owls 

and reproduction only at OLY (Chapter 3); however, recruitment was negatively 

associated with the proportion of sites with barred owl detections at OLY, HJA, OCR, 

and TYE.  Although barred owls may not affect reproduction of territorial owls on most 

study areas, they appear to have a negative association with recruitment of new owls into 

the territorial population, and consequently on the realized rate of population change at 

these study areas.  These results are consistent Olson et al. (2005) and Kelly et al. (2003), 

who reported that barred owls caused decreased territory occupancy of spotted owls.  

Olson et al. (2005) reported that barred owl presence was related to increased local (site) 

extinction at TYE and OCR, and also to decreased local colonization probabilities at 

HJA.   Similar to Olson et al. (2005), I found that presence of barred owls was negatively 

associated with resighting probability at OLY, CLE, OCR, and CAS.  However, I found a 

positive association with barred owl presence and detection probability at HJA.  Effects 

of both demographic and climate factors on survival and lambda at HJA were opposite 

my a priori hypotheses, suggesting that factors affecting vital rates at HJA may have 

fundamental differences from the other 5 study areas. 

Associations between climate and population growth rate 

 

Weather and climate were components of top models and accounted for varying 

amounts of the temporal variation in survival, recruitment, and 𝜆 RJS at all 6 study areas.  

As predicted, associations between climate and both annual survival and recruitment 
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were very similar to those I reported for annual survival (Chapter 2) and reproduction 

(Chapter 3).  Weather and climate were associated with both recruitment and survival at 5 

of the 6 areas, but were associated only with recruitment at HJA.  Effects of weather also 

varied spatially among the 6 areas, although growing season moisture levels (PDSI) and 

nesting season weather were associated with λRJS at 4 of 6 areas.  Negative associations 

between λRJS and winter weather were evident only at OLY and CAS.  Although these 2 

areas were at opposite ends of the North-South gradient, both were high elevation areas.   

Summer heat stress was associated with realized rate of population change only at CAS, 

which was the southernmost area and had the greatest number of days with temperatures 

exceeding 32˚ C in all years.  As with survival (Chapter 2), λRJS at TYE was associated 

with the Southern Oscillation/el Niño and Pacific Decadal Oscillation.  Overall, these 

results suggest that both direct and indirect effects of weather and climate may have 

affected realized rates of population change at these study areas.   

The climatic factor that had the strongest association with λRJS was moisture 

conditions during the growing season as measured using the Palmer Drought Severity 

Index (PDSI).  At 4 of 6 study areas, λ RJS was positively associated with wetter than 

normal conditions from late spring through early fall, either from effects of moisture on 

annual survival, recruitment, or both.  Year-specific survival rates were related to 

moisture conditions during the current year, while recruitment reflected moisture 

conditions 2-3 years prior.  These relationships suggest that survival, recruitment, and 

population growth rates for northern spotted owls were strongly affected by climate 

conditions affecting primary productivity and consequently prey availability. 
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Diets of northern spotted owls in Washington and Oregon vary across owl 

territories, years, seasons, and geographic regions (Forsman et al. 2001, 2004).  However, 

4-6 species of nocturnal mammals typically dominate their diets (Forsman et al. 2004), 

with northern flying squirrels (Glaucomys sabrinus) being a primary prey species in all 

areas.  In Washington, diets were dominated by northern flying squirrels, snowshoe hare 

(Lepus americanus), bushy-tailed woodrats (Neotoma cinerea), and boreal red-backed 

voles (Clethrionomys gapperi) (Forsman et al. 2001).   In Oregon, northern flying 

squirrels were also the dominant prey item, with dusky-footed woodrats (Neotoma 

fuscipes), bushy-tailed woodrats, red tree voles (Arvorimus longicaudus), and deer mice 

(Peromyscus maniculatus) comprising the majority of diets (Forsman et al. 2004).   

Food availability has frequently been associated with reproductive success in 

raptors (Newton 1979), and is also strongly associated with population sizes of northern 

flying squirrels, mice, and other  mammal species that comprise spotted owl diets 

(Ransome and Sullivan 1997, 2003; Smith 1968, Waters and Zabel 1998).   Diets of 

northern flying squirrels are dominated by sporocarps of hypogeous fungi which 

propagate best in mesic conditions (Luoma et al. 2003).  Populations of both northern 

flying squirrels and red squirrels (Tamiasciurus hudsonicus) have been shown to be 

limited by food availability (Ransome and Sullivan 1997), and Gomez et al. (2005) 

reported that survival rates of flying squirrels were positively associated with the biomass 

of hypogeous fungi in the northern Coast Ranges of Oregon.   Abundance of Douglas 

squirrels (Tamiasciurus douglasii) has been shown to vary among years in response to 

the abundance of conifer cones (Smith 1968, Waters and Zabel 1998), while populations 
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of deer mice at HJA were shown to vary annually (Rosenberg et al. 2003).  Annual 

variation in deer mouse populations in Ontario have been related to weather-driven 

fluctuations in seed crops (Falls et al. 2007), and declines in small mammal populations 

in California have been associated with drought conditions (Spevak 1983).  Woodrats are 

another important prey items for spotted owls, particularly in the southern portion of their 

range (Carey et al. 1992, Zabel et al. 1995).   Although their diet is quite variable, Innes 

et al. (2007) found oaks to be an important macrohabitat component for dusky-footed 

woodrats in mixed-conifer forests with acorns providing a food source that can be cached 

and used year-round.      

Small mammal populations are often characterized by large annual variations in 

population size driven primarily by food availability (Crespin et al. 2002).  Northern 

flying squirrels, woodrats, and mice have been shown to vary both annually and spatially 

within and among owl territories (Carey et al. 1992, Rosenberg et al. 2003, Ward and 

Block 1995, Ward et al. 1998).  Although their diets are highly variable, seeds, nuts, 

fungi, and other vegetation dominate their diets (Carey et al. 1992), and the availability of 

these food resources can be strongly affected by weather (Koenig and Knops 2000).  

Primary productivity in the forests of the Pacific Northwest is a function of temperature, 

precipitation, and soil fertility.   Forest biomass and above-ground overstory net primary 

productivity (NPP) in Oregon and Washington forests have been shown to be more 

strongly related to the growing season water balance across all major vegetation zones, 

rather than to total annual precipitation or temperature alone (Gholz 1982).   Seed 

production by tree species in this region is often intermittent, with years of high seed 
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production often followed by years of very ow production (Kelly 1994).  However, 

annual rainfall and growing season temperature have been correlated with seed 

production in numerous Pacific Northwest tree species (Woodward et al. 1994), and 

appeared to be variables that synchronize acorn production at regional scales in the 

western United States (Koenig et al.1996).  Although there is wide variation in the types 

and abundance of hypogeous fungi across the range of the spotted owl, Luoma et al. 

(1991) reported that fungal production decreased when fall temperatures were below 

average.  Additionally, hypogeous fungi were more abundant in mesic forest habitat 

relative to dry forest (Luoma et al. (2003).   Given that primary productivity in this region 

is strongly influenced by growing season temperature and  moisture conditions and the 

population sizes of small mammals are strongly affected by food availability, it is not 

surprising that climate models reflecting regional primary productivity (PDSI) and large 

scale climate patterns (PDO,SOI) were more often more parsimonious than models 

containing simple weather variables. 

Although effects of primary productivity on demographic rates of northern 

spotted owls have not previously received extensive study, annual survival and fecundity 

of Mexican spotted owls was positively associated with precipitation during the previous 

year (Seamans et al. 2002).  Additionally, studies of leaf-eared mice (Phyllotis darwini) 

and barn owls (Tyto alba) in South America (Lima et al. 2001) demonstrated that the 

population growth rate of barn owls was negatively related to barn owl density and 

positively associated with the abundance of leaf-eared mice.  They concluded that the 

population fluctuations of leaf-eared mice were caused by both climate effects and a 
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complex food web architecture (Lima et al. 2002).   Few studies of small mammal 

population dynamics have been conducted on these 6 northern spotted owl study areas, 

although Rosenberg et al. (2003) suggested that interactions between small mammal 

populations and weather may influence prey availability at HJA.     

Although wetter-than-average conditions during the growing season appeared to 

be beneficial for spotted owls, heavy precipitation during the early nesting season did not.  

At 3 of the 6 areas, recruitment and consequently λRJS were negatively associated with 

nesting season precipitation.  During this period, owls initiate nesting and incubate eggs 

(Franklin et al. 2000).  Energy demands on adult owls can be high, and severe, winter-

like conditions can still occur.  Negative effects of nesting season weather on 

reproduction and survival of northern spotted owls have been well-documented (Franklin 

et al. 2000, Olson et al. 2004, Dugger et al.2005, Chapter 2, Chapter 3); however, they 

had not previously considered in the context of λRJS.   

I also identified several other weather and climate effects not previously identified 

in early studies of spotted owl demography.  Population growth rate at CAS was 

negatively associated with hot summer days.  Although Weathers et al. (2001) reported 

that northern spotted owls were not able to thermoregulate effectively at temperatures > 

35 ˚C, most field biologists do not believe that northern spotted owls are greatly affected 

by hot summer temperatures (E. Forsman, pers. comm.).   Summers with many hot days 

may be associated with reduced prey populations, and consequently reduced survival and 

population growth of spotted owls.  Although I identified a negative association between  

hot summer temperatures and annual survival at CAS in Chapter 2, this effect on 
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population growth rate had not previously been identified for this species.  Likewise, I 

identified associations between large-scale climate cycles on survival and reproduction at 

TYE  (Chapters 2, 3),  but this was the first study to associate population growth rates of 

spotted owls with these large scale climate patterns.     

Potential Biases in Estimation of Annual Rate of Population Change 

 

 Estimation of  λ RJS assumes that study area boundaries were fixed and that survey 

effort remained constant for the duration of the study.  Established protocols (Franklin et 

al. 1996) were used to ensure that study areas were surveyed with approximately the 

same effort each year, and fixed study area boundaries were established (Anthony et al. 

2006). Consequently, I believe that the primary assumptions for estimating λ RJS were 

reasonably valid.   

Summary and Conclusions  

 

My results were consistent with other studies that have documented declines in λ and 

annual survival over the past 2 decades.   In addition, I found that recruitment of new 

individuals into the territorial population also declined at several areas.   Weather and 

climate were associated with population growth rates at all 6 areas.  Although seasonal 

weather was associated with variation in demographic rates at some areas, climate 

conditions that likely influenced primary productivity appeared to have the strongest 

association with population growth rates.  Potential consequences of global climate 

change on Pacific Northwest forests remain unclear.   Most models predict warmer, 

wetter winters and hotter, drier summer s (Mote et al. 2008).  Given the patterns I 

observed during 190-2005, increased occurrence of drought conditions during the 
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summer has the potential to negatively affect the population growth rate of northern 

spotted owls across much of their range.  However, my analyses were retrospective in 

nature and it is not appropriate to make predictions based on my results.  Furthermore, 

changes in climate resulting from human activities have the potential to cause 

fundamentally different patterns in weather which may have unpredictable consequences 

for northern spotted owl populations.  
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Figure 4.1 Estimates of mean 𝜆 RJS for northern spotted owls on 6 study areas in 

Washington and Oregon, 1990-2005.  Error bars represent 95% confidence intervals.   



225 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.97

0.92

0.96 0.96

0.99

0.95

0.80

0.85

0.90

0.95

1.00

1.05

1.10

OLY CLE HJA COA TYE CAS

m
ea

n
  

 λ
R

JS



226 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.  Time-specific estimates of annual survival, recruitment, and 𝜆 RJS for northern 

spotted owls on 6 study areas (A-F) in Washington and Oregon, 1990-2005.  
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Figure 4.3 Estimated 𝜆 RJS of northern spotted owls on 6 study areas (A-F) in Washington 

and Oregon in relation to climate, 1990-2005.  Mean values of non-climate covariates 

(e.g. BO, REPROD) were used in graphs, as well as for climate covariates not evaluated 

in particular graphs (e.g. models with >2 climate effects where effects shown in > 1 

graph).    
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Figure 4.4  Estimates of seniority ( relative contribution of annual survival relative to 

recruitment to the realized rate of population change) for northern spotted owls at 6 study 

areas in Washington (A) and Oregon (B), 1990-2005.   
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Figure 4.5 Associations between 𝜆 RJS and climate across 6 study areas (A-F) in 

Washington and Oregon, 1990-2005.  Black shading indicates climate effect at a 

particular study area. 
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Table 4.1.  Demographic and climate factors evaluated in  Pradel survival and 

recruitment models  for northern spotted owls at 6 study areas in Washington and 

Oregon, 1990-2005.  Hypothesized effects of climate on annual survival and recruitment 

were based on climate effects identified as important at each area in Chapters 2 and 3. 

Climate hypotheses and climate covariates are listed in Tables 2.2-2.3 and Table3.4. 

Study 

Area Start Exp. End 

# 

owls Annual Survival Resighting Recruitment 

OLY 1990 1994 2003 408 Expansion year
1
 Expansion year Expansion year 

     Sex Sex BO 

     REPROD
2
 REPROD Even-odd 

     BO
3
 Time varying 

and time trends 

Sex 

     Effects of wetter-

than-normal or drier- 

than normal 

conditions (PDSI)
4
 

BO Growing season 

precipitation 

     Winter storms  Effects of wetter-

than-normal or 

drier- than normal 

conditions (PDSI) 

     Winter precipitation   

        

CLE 1992 na 2005 142 Sex Sex Sex 

     REPROD REPROD BO 

     BO Time varying 

and time trends 

Snow 

     Nesting season 

weather 

 Nesting season 

weather 

     Effects of wetter-

than-normal or drier- 

than normal 

conditions (PDSI) 

 Effects of wetter-

than-normal or 

drier- than normal 

conditions (PDSI) 

        

HJA 1990 2000 2005 364 Expansion year Expansion year Expansion year 

     Sex Sex Sex 

     REPROD REPROD BO 

     BO Time varying 

and time trends 

Effects of wetter-

than-normal or 

drier- than normal 

conditions (PDSI) 

     Effects of winter and 

nesting season 

weather 

BO Effects of winter 

and nesting season 

weather 

       Effects of climate 

cycles 

        

OCR 1992 na 2005 423 Sex Sex Sex 

     REPROD 

 

 

REPROD BO 
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Table 4.1 (Cont.) 

     BO Time varying 

and time trends 

Effects of wetter-

than-normal or 

drier- than normal 

conditions (PDSI) 

     Effects of wetter-

than-normal or drier- 

than normal 

conditions (PDSI) 

BO Effects of climate 

cycles 

       Effects of nesting 

season weather 

        

        

TYE 1990 na 2005 396 Sex Sex Sex 

     REPROD REPROD BO 

     BO Time varying 

and time trends 

Effects of climate 

cycles 

     Effects of climate 

cycles 

BO Effects of nesting 

season weather 

        

        

CAS 1992 1998 2005 377 Expansion year Expansion year Expansion year 

     Sex Sex Sex 

     REPROD REPROD BO 

     BO Time varying 

and time trends 

Effects of wetter-

than-normal or 

drier- than normal 

conditions (PDSI) 

     Effects of winter 

weather  

BO Effects of winter 

weather  

     Effects of nesting 

season weather 

 Effects of nesting 

season weather 

     Effects of hot 

summer weather 

 Effects of dispersal 

season weather 

     Effects of wetter-

than-normal or drier- 

than normal 

conditions (PDSI) 

  

        

        

        

        

 
1
Expansion year – 3 of the 6 study areas had a 1-time expansion of study area boundaries to include owl 

sites added after the initial start date of the study.  Survival, resighting, and recruitment rates were allowed 

to differ from the original area for 2 years following the expansion year.   
2
 Mean # young fledged per pair per year on a given study area. 

3
 Proportion of territories on a study area with barred owl detections for a given year. 

4
 Palmer Drought Severity Index 
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Table 4.2. Top Pradel reverse-time capture-mark-recapture models for northern spotted 

owls at 6 study areas in Washington and Oregon, 1990-2005.  Covariate abbreviations are 

defined in Table 2.2. 

      

Model QAICc 

∆ 

QAICc 

QAICc 

W K 

Q 

Deviance 

OLY (ĉ = 1.54)      

{φ (sex+ BO + growing season PDSI+ # 

winter storm days) p (REPROD) f (BO + 

evenodd +growing seasonPRECIP(lag2) + 

growing season PRECIP2 (lag2))} 

3080.71 0.00 0.32 12 903.27 

{φ (BO+growing season PDSI+ # winter 

storm days) p (REPROD) f (BO + evenodd 

+growing seasonPRECIP(lag2) + growing 

season PRECIP2 (lag2))} 

3080.83 0.12 0.30 11 905.42 

{φ (sex+ BO+growing season PDSI+ # 

winter storm days) p (REPROD) f (BO  

+growing seasonPRECIP(lag2) + growing 

season PRECIP2 (lag2)} 

3081.38 0.67 0.23 11 905.97 

{φ (sex+ BO+growing season PDSI+ # 

winter storm days) p (REPROD) f (BO + 

evenodd +growing season PDSI( lag1)} 

3084.19 3.48 0.06 11 908.78 

{φ (sex+ BO+growing season PDSI+ # 

winter storm days) p (REPROD) f (t)} 

3084.84 4.13 0.04 19 893.13 

{φ (sex+ BO+growing season PDSI+ # 

winter storm days) p (REPROD) f (sex+BO 

+ evenodd +growing season PDSI(lag1) + 

BO*growing season PDSI (lag1)} 

3086.60 5.89 0.02 13 907.14 

      

CLE (ĉ =1.00)      

 

AICc ∆ AICc 

AICc 

W K Deviance 

{φ(growing season PDSI +# nesting season 

storm days+# nesting season storm 

days
2
)p(REPROD)f(growing season growing 

season PDSI (lag3))} 

1461.86 0.00 0.40 8 432.67 

{φ(growing season PDSI +# nesting season 

storm days+# nesting season storm 

days
2
)p(REPROD)f(SNOW + growing 

season growing season PDSI(lag3))} 

1462.37 0.51 0.31 9 431.13 

{φ(growing season PDSI +# nesting season 

storm days+# nesting season storm 

days
2
)p(REPROD)f(.)} 

1464.84 2.98 0.09 7 437.70 

{φ(growing season PDSI +# nesting season 

storm days+# nesting season storm 

days
2
)p(REPROD)f(SNOW)} 

1464.89 3.03 0.09 8 435.70 
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Table 4.2 (Cont.)      

{φ(growing season PDSI +# nesting season 

storm days+# nesting season storm 

days
2
)p(REPROD)f(SNOW+SNOW

2
)} 

1465.34 3.48 0.07 9 434.10 

{φ(growing season PDSI +# nesting season 

storm days+# nesting season storm 

days
2
)p(REPROD)f(BO)} 

1466.89 5.03 0.03 8 437.70 

      

HJA (ĉ = 1.56) 

     

 

QAICc 

∆ 

QAICc 

QAICc 

W K 

Q 

Deviance 

{φ (REPROD )p(BO)f(exp+BO(lag1) +early 

nesting season PRECIP(lag1))} 

2759.54 0.00 0.19 8 818.72 

{φ (REPROD)p(BO)f(exp+BO(lag1) +winter 

TMIN (lag1))} 

2760.30 0.76 0.13 8 819.47 

{φ (REPROD )p(BO)f(exp+BO(lag1) 

+winter TMIN (lag1) +early nesting season 

PRECIP (lag1))} 

2760.30 0.76 0.13 9 817.46 

{φ (REPROD )p(BO)f(exp+BO(lag1) +early 

nesting season PRECIP (lag1) + early nesting 

season TMIN (lag1) +early nesting season 

(TMIN*PRECIP)(lag1)} 

2760.73 1.19 0.11 10 815.87 

{φ (REPROD )p(BO)f(exp+BO(lag1) )} 2760.89 1.35 0.10 7 822.09 

{φ (REPROD )p(BO)f(exp+BO(lag1) 

+annual PDO (lag1)} 

2760.92 1.38 0.10 8 820.09 

{φ (REPROD +early nesting season 

PRECIP) p(BO) f(exp+BO(lag1) +early 

nesting season PRECIP( lag1)} 

2761.04 1.50 0.09 9 818.19 

{φ (REPROD)p(BO)f(exp+BO(lag1) +winter 

TMIN (lag1) +winter PRECIP (lag1))} 

2761.58 2.04 0.07 9 818.74 

{φ (REPROD )p(BO)f(exp+BO(lag1) 

+annual PDO (lag1) + # annual storm days 

(lag1))} 

2762.94 3.39 0.04 9 820.09 

{φ (REPROD )p(BO)f(exp+BO(lag1) +early 

nesting season TMIN(lag1))} 

2762.69 3.15 0.04 8 821.87 

      

OCR (ĉ = 2.52)      

{φ(BO*growing season PDSI)p(BO) f 

(BO+early nesting season PRECIP(lag1))} 

1912.83 0.00 0.33 9 410.81 

{φ(BO*growing season 

PDSI)p(BO)f(BO+early nesting season 

PRECIP (lag1) +early nesting season TMIN 

(lag1))} 

1914.43 1.61 0.15 10 410.40 

{φ(BO*growing season 

PDSI)p(BO)f(BO+early nesting season 

PRECIP(lag1) + growing season PDSI 

(lag1))} 

1914.56 1.74 0.14 10 410.53 
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Table 4.2 (Cont.)      

{φ(BO*growing season 

PDSI)p(BO)fBO+early nesting season 

PRECIP (lag1) + late nest PRECIP (lag1))} 

1914.73 1.91 0.13 10 410.70 

{φ(BO*growing season PDSI)p(BO) 

f(BO+growing season PDSI (lag1))} 

1914.90 2.08 0.12 9 412.88 

{φ(BO*growing season PDSI)p(BO)f(T)} 1916.42 3.60 0.05 8 416.42 

{φ(BO*growing season PDSI)p(BO)f(BO)} 1916.68 3.85 0.05 8 416.67 

{φ(BO*growing season PDSI)p(BO) f 

(BO+annual PDO (lag1))} 

1917.57 4.74 0.03 9 415.55 

      
TYE (ĉ = 1.30)      

{φ(annual SOI (lag1) + annual PDO (lag1)) p 

(sex+REPROD) f(BO (lag1) + annual PDO 

((lag1)2) +early nesting season PRECIP 

(lag1) + annual SOI ((lag1)} 

3158.57 0.00 0.44 11 559.45 

{φ(annual SOI (lag1) + annual PDO (lag1)) p 

(sex+REPROD) f(BO (lag1) + annual PDO 

((lag1)2) +early nesting season PRECIP 

(lag1))} 

3159.02 0.45 0.35 10 561.92 

{φ(annual SOI (lag1) + annual PDO (lag1)) p 

(sex+REPROD) f(BO (lag1) + annual PDO 

((lag1)2) +Annual SOI((lag1)2))} 

3161.55 2.97 0.10 10 564.44 

{φ(annual SOI (lag1) + annual PDO (lag1)) p 

(sex+REPROD) f(BO (lag1) + annual SOI 

((lag1)2))} 

3162.44 3.87 0.06 9 567.36 

{φ(annual SOI (lag1) + annual PDO (lag1)) p 

(sex+REPROD) f(BO (lag1) + annual PDO 

(lag2))} 

3164.65 6.07 0.02 9 569.56 

{φ(annual SOI (lag1) + annual PDO (lag1)) p 

(sex+REPROD) f(BO (lag1) +early nesting 

PRECIP (lag1))} 

3165.37 6.80 0.01 9 570.29 

      

CAS(ĉ = 1.84)      

{φ(# days > 32˚C) p(T)f(exp+winter PRECIP 

(lag2) + winter PRECIP 2 (lag2) + # winter 

storm days (lag2) + # winter storm days2 

(lag2) +growing season PDSI (lag2) } 

2283.24 0.00 0.70 11 616.43 

{φ(# days > 32˚C) p(T)f(exp+growing season 

PDSI (lag2) } 

2287.96 4.72 0.07 7 629.25 

{φ(# days > 32˚C) p(T)f(exp+growing season 

PDSI (lag2) + early nesting PRECIP (lag2) } 

2288.03 4.79 0.06 8 627.30 

{φ(# days > 32˚C) p(T)f(exp+BO+growing 

season PDSI (lag2) } 

2288.10 4.86 0.06 8 627.37 

{φ(# days > 32˚C) p(T)f(exp+growing season 

PDSI (lag2) + early nesting PRECIP (lag2) 

+early nesting TMIN (lag2)) } 

2288.89 5.65 0.04 9 626.14 
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Table 4.3.  Model averaged parameter estimates from Pradel  reverse-time capture-mark-

recapture models for  northern spotted owls at 6 study areas in Washington and Oregon, 

1990-2005. 

        95% CI 

  Parameter Estimate SE lower upper 

      OLY φ  intercept 3.279 0.405 2.485 4.072 

 

φ  sex 0.210 0.144 -0.072 0.492 

 

φ  BO -6.331 2.063 -10.374 -2.289 

 

φ  growing season PDSI 0.198 0.083 0.035 0.362 

 

φ  # winter storm days -0.062 0.019 -0.100 -0.024 

      

 

p intercept 0.652 0.109 0.439 0.865 

 

p REPROD 0.685 0.168 0.356 1.013 

      

 

f intercept 5.415 2.218 1.068 9.762 

 

f BO -16.299 4.583 -25.281 -7.316 

 

f evenodd -0.583 0.380 -1.329 0.162 

 

f growing season PRECIP -0.132 0.070 -0.269 0.005 

 

f growing season PRECIP
2
 0.001 0.000 0.000 0.001 

      

      

      CLE φ  intercept 1.497 0.214 1.076 1.917 

 

φ  PDSI 0.158 0.079 0.003 0.313 

 

φ  # nesting season storm days 0.538 0.261 0.028 1.049 

 

φ  # nesting season storm days2 -0.101 0.051 -0.200 -0.001 

      

 

p intercept 1.595 0.282 1.042 2.149 

 

p REPROD 0.621 0.297 0.040 1.203 

      

 

f intercept -2.447 0.465 -3.359 -1.535 

 

f growing season PDSI (3 year 

lag) 0.216 0.103 0.013 0.418 

 

f snow 0.001 0.001 -0.001 0.004 

      
HJA 

     

 

φ  intercept 2.533 0.201 2.139 2.927 

 

φ  early nest PRECIP 0.005651 0.007585 -0.00922 0.020517 

 

φ  reprod -0.849 0.253 -1.345 -0.352 
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Table 4.3 (Cont.) 

 

p intercept 1.605 0.157 1.297 1.914 

 

p BO 3.357 1.817 -0.205 6.918 

      

 

f intercept -0.386 0.657 -1.673 0.901 

 

f exp 1.242 0.436 0.387 2.097 

 

f BO (lag1) -25.049 5.157 -35.157 -14.941 

 

f early nesting PRECIP(lag1) -0.025 0.014 -0.053 0.003 

 

f winter TMIN (lag1) -0.167 0.120 -0.430 0.041 

 

f early nesting TMIN (lag1) -1.087 0.846 -2.745 0.572 

 

f early nest TMIN (lag1)* early 

nest PRECIP (lag1) 0.034 0.024 -0.012 0.080 

 

f annual PDO (lag1) -0.196 0.138 -0.467 0.076 

      OCR 

     

 

 φ  intercept 0.169 0.232 1.807 2.718 

 

 φ  BO -2.607 1.386 -5.324 0.109 

 

 φ  pdsi 0.198 0.090 0.022 0.374 

 

 φ  BO*PDSI -1.188 0.693 -2.546 0.170 

      

 

p intercept 2.326 0.220 1.895 2.757 

 

p BO -1.151 0.793 -2.705 0.403 

      

 

f intercept -0.812 0.663 -2.112 0.488 

 

f BO -2.755 0.930 -4.577 -0.933 

 

f early nest PRECIP (lag1) -0.028 0.013 -0.054 -0.001 

 

f late nest PRECIP(lag1) -0.007 0.021 -0.048 0.034 

 

f growing season PDSI (lag1) -0.037 0.071 -0.176 0.101 

 

f early nest TMIN (lag1) 0.101 0.158 -0.210 0.411 

      TYE φ  intercept 1.935 0.089 1.762 2.109 

 

φ  annsoi lag 0.314 0.122 0.074 0.554 

 

φ  annual pdo lag 0.211 0.116 -0.016 0.438 

      

 

p intercept 1.804 0.400 1.021 2.587 

 

p sex 0.624 0.270 0.096 1.153 

 

p REPROD 1.281 0.658 -0.007 2.570 

      

 

f intercept -0.671 0.359 -1.374 0.033 

 

f BO (lag1) -6.578 1.325 -9.176 -3.980 

 

f annual PDO (lag2) -0.247 0.127 -0.497 0.002 
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Table 4.3 (Cont.) 

 

f early nest PRECIP (lag1) -0.033 0.014 -0.061 -0.006 

 

f annual SOI (lag2) 0.172 0.109 -0.041 0.385 

      CAS φ  intercept 3.410 0.613 2.209 4.611 

 

φ  days>90 -0.057 0.019 -0.095 -0.019 

      

 

p intercept 0.468 0.201 0.074 0.863 

 

p T 0.128 0.027 0.076 0.181 

      

 

f intercept 1.815 1.558 -1.239 4.870 

 

f expansion year 2.067 0.541 1.006 3.127 

 

f winter PRECIP (lag2) -0.177 0.075 -0.324 -0.030 

 

f winter PRECIP
2 
(lag2) 0.001 0.001 0.000 0.002 

 

f # winter storm days (lag2) 0.274 0.192 -0.102 0.649 

 

f # winter storm days
2 
(lag2) -0.010 0.008 -0.027 0.006 

  f growing season PDSI (lag2) 0.276 0.087 0.106 0.446 
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Table 4.4   Mean estimates for lambda, survival, recruitment, and resighting of northern 

spotted owls on 6 study areas in Washington and Oregon, 1990-2005.  Mean values were 

obtained from the random effects models. 
 

 λ  φ  f  p 

 Mean SE  Mean SE  Mean SE    

OLY 0.966 0.0210  0.869 0.023  0.093 0.022  0.893 0.075 

CLE 0.919 0.0155  0.834 0.014  0.079 0.011  0.892 0.033 

HJA 0.955 0.0178  0.885 0.009  0.072 0.014  0.916 0.047 

OCR 0.961 0.0190  0.878 0.011  0.083 0.012  0.898 0.042 

TYE 0.986 0.0149  0.872 0.009  0.120 0.016  0.871 0.046 

CAS 0.947 0.0131  0.852 0.012  0.093 0.025  0.887 0.086 
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Table 4.5. Estimated variance components for top Pradel survival and recruitment models 

for northern spotted owls on 6 study areas in Washington and Oregon, 1990-2005. 
 

 

σ
2
 

temporal 

process 95% CI σ
2
 model 95% CI % σ

2
 climate % 

σ
2
 other 

demographi

c factors % 

Variance components for λRJS 

OLY 0.031 0.009 - 0.070 0.021 0.008-0.068 67 0.012 40 0.0086 28 

CLE 0.003 -0.0002-0.013 0.001 0.000-0.006 30 0.0002 8 na na 

HJA 0.005 0.001- 0.017 0.003 0.001-0.010 66 0.0001 3 0.0032 63 

OCR 0.003 -0.001 - 0.018 0.003 0.0001-0.014 78 0.003 78 2.8E-06 0 

TYE 0.003 0.0005-.010 0.002 0.001-0.007 87 0.002 85 0.0001 3 

CAS 0.025 0.009- 0.081 0.013 0.004 - 0.047 53 0.013 53 na na 

  

 

 

 

     Variance components for survival 

OLY 0.007 0.003-0.022 0.005 0.001-0.018 67 0.005 67 2.0E-05 0 

CLE 0.006 0.002-0.021 0.0001 0.000-0.004 2 0.0001 2 na na 

HJA 0.003 0.001-0.009 5.0E-05 0.000-0.002 7 na na 5.0E-05 2 

OCR 2.2E-05 -0.001-0.004 2.2E-05 0.000-0.001 100 climate*demog 2.2E-05 100 

TYE 3.80E-

06 -0.0004-0.003 3.8E-06 0.000-0.0002 1 3.8E-06 1 na 0 

CAS 0.006 0.002-0.019 0.0002 0.000-0.004 3 0.0002 3 na na 

  

 

 

 

     Variance components for recruitment 

  

 

 

 

     OLY 0.018 0.002- 0.029 0.013 0.001- 0.030 70 0.009 48 0.0040 22 

CLE 0.002 0.001-0.005 2.4E-05 0.000-0.001 2 2.4E-05 2 na na 

HJA 0.002 0.001-0.007 0.002 0.001-0.007 92 1.4E-04 6 0.0020 86 

OCR 0.002 0.001-0.009 0.001 0.0001-0.005 32 0.001 26 1.2E-04 6 

TYE 0.004 0.002-0.012 0.003 0.001-0.009 63 0.002 44 0.0008 19 

CAS 0.013 0.005- 0.044 0.006 0.002-0.024 51 0.006 51 na na 
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CHAPTER 5 – SUMMARY AND CONCLUSIONS 

 

Weather and Climate 

 

 The overall goal of my research was to understand how annual survival, 

reproduction, and rate of population change of northern spotted owls were related to 

weather and climate.  I used mark-recapture data and observations of number of young 

fledged to evaluate statistical models representing biological hypotheses regarding effects 

of weather and climate on demographic rates.  I found that annual survival was 

negatively associated with drier-than-normal conditions during the growing season at 4 of 

6 areas and negatively associated with el Niño events and the cool phase of the PDO for 

TYE.  Although climate cycle effects were not evident at other study areas individually, I 

observed a similar relation between survival, SOI, and PDO in a meta-analysis of all 

study areas combined.  Storm events as well as temperature and precipitation during 

winter and nesting seasons were also associated with survival at 3 areas.  Climate 

accounted for a greater amount of temporal variation than spatial variation in survival, 

although the amounts of variation accounted for by climate varied widely across the 6 

areas.  Weather accounted for the greatest amount of variation in annual survival at OLY, 

HJA, and CAS, which were the 3 highest elevation study areas.  While the relations with 

winter and nesting season temperature and precipitation were consistent with other 

studies, effects of drought, storms and climate cycles have not been identified previously.   

Consistent with other studies, reproduction was negatively affected by cold, wet 

winters and nesting seasons at 3 of 6 areas.  However, I also found that reproduction was 

highest when winter snowfall, growing season precipitation, or annual precipitation 
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during the previous year was close to average levels at 3 study areas.  Reproduction was 

also associated with regional climate conditions during preceding years and was higher 

following years in the cool, wet phase of the PDO.    Climate accounted for more 

temporal variation in reproduction than spatial variation, although my results indicated 

that other factors not considered in my models may have strong effects.   The amount of 

variation in annual reproduction explained by climate varied widely across study areas, 

with weather and climate accounting for the greatest amount of variation at CLE and 

OCR.  

Rate of population change for territorial owls on the 6 study areas was a function 

of survival of owls in the current population and recruitment of new individuals into the 

territorial populations.   Annual survival had a much greater influence than annual 

recruitment on population growth rate.  However, the relative contribution of survival 

varied among study areas and across years.  Consequently, effects of climate on survival 

had a greater effect on rate of population change than did the effects of climate on 

recruitment.   Rates of population growth were highest when conditions during the 

growing season were wetter-than average, while lower rates were associated with cold, 

wet winters and nesting seasons or summers with high numbers of extremely hot days.  

Specific associations between climate and population growth rate varied spatially across 

study areas, as did the amount of variation accounted for by the models.   My results 

indicated that climate accounted for much of the temporal variation in rates of population 

change at OLY, OCR, TYE and CAS. 
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Few studies have considered effects of weather on the population dynamics of small 

mammals within the range of the northern spotted owl.   In other regions, population 

dynamics of small mammal species have been linked to local weather as well as regional 

climate cycles (Lima et al. 2001, Marten 1973; Neuhaus et al. 1999), but relationships 

between demographic rates and climate for spotted owl prey species have yet to be 

clearly identified in the Pacific Northwest.   Furthermore, studies have identified 

feedback structures between small mammal populations and owls where both survival 

and reproduction by small mammals was influenced by both climate and predation by 

owls (Lima et al. 2002, 2003).  A better understanding of the effects of climate on the 

population dynamics of small mammals would help better identify the mechanisms 

through which climate affects northern spotted owls.   

Barred Owls 

 

 Survival, reproduction, and rate of population change were negatively associated 

with the proportion of spotted owl territories with barred owl detections in each year at 

OLY.   Although I did not observe an association between apparent survival and barred 

owl presence at OCR in Chapter 2, barred owls were negatively associated with survival 

at OCR in the Pradel reverse time CMR analyses (Chapter 4), and there was an 

interaction between growing season moisture conditions and barred owl presence.  I also 

observed a negative association with barred owl presence in the meta-analysis for 

reproduction, with barred owls having the greatest negative effects at OLY and CLE, the 

2 most northern study areas.  My results also indicated that barred owl presence had a 



249 

 

 

 

larger effect on recruitment of new individuals into the territorial population than on 

reproduction across all study areas.   

Potential Consequences of Predicted Climate Change 

 

This study was a set of retrospective analyses of the effects of climate on 

demographic rates of northern spotted owls from 1985-2008, and formal inferences can 

only be made to the sample of owls monitored within each study area for the time periods 

included in the analyses.  However, these 6 long-term demographic study areas have been 

considered representative of most populations of northern spotted owls on federal lands 

in Washington and Oregon (Anthony et al. 2006).   Although my models were not 

predictive in nature, the results can be useful for considering potential consequences of 

changes in weather patterns on demographic rates.  However, their usefulness is 

dependent on the influence of the other factors in my models (e.g. barred owls) remaining 

similar to the effects observed during my study period. 

Models developed for predicting climate change are often not able to resolve the 

local or regional details of weather that affects most wildlife populations (Root and 

Schneider 2002).   However, most climate models for the Pacific Northwest predict 

warmer, wetter winters with reduced snowpack and hotter, drier summers in the 21
st
 

century (Mote et al. 2008).  Given that drier growing season conditions, the warm phase 

of the SOI, and hot summer days were associated with lower survival and population 

growth rates at OLY, CLE, OCR, TYE, and CAS, the predicted trend of hotter, drier 

summers has potential to negatively affect spotted owl populations at these areas.  If 

barred owl presence on these areas continues to increase, the negative effects of drought 
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may be increased further because the effect of growing season moisture levels at OCR 

was positively related to the proportion of spotted owl territories with barred owl 

detections in Chapter 4.  Warmer winter temperatures predicted under climate change 

models may be beneficial for spotted owl survival, particularly at the higher elevation 

areas.  However, reduced snowpack resulting from warmer temperatures could have 

negative consequences for reproduction.  Most climate models also predict increases in 

the frequency and occurrence of extreme weather events (Mote et al. 2008).  Increases in 

the frequency and intensity of storms also has the potential to negatively affect spotted 

owl populations as survival was negatively associated with storms at OLY, and 

reproduction was negatively associated with storms at HJA.  In summary, the predicted 

changes in climate conditions in the Pacific Northwest in upcoming decades appear to 

present additional challenges for northern spotted owls in Washington and Oregon.   

Management Implications 

 

Consistent with recent demographic studies of northern spotted owls (Anthony et al. 

2004), I observed declining populations trends across the 6 study areas included in my 

study.  Furthermore, predicted future climate conditions for this region include shifts in 

weather patterns that may be unfavorable for spotted owls.  Presence of barred owls also 

had a negative association with recruitment of spotted owls into the territorial 

populations.  Effects of barred owls on spotted owl populations are likely to increase or 

persist in the future, and there are widely-divergent views on the most appropriate 

management actions to address barred owls (Buchanan et al. 2007, Hamer et al. 2007).  

Given that both normal variation in climate and anthropogenic climate change are beyond 
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the scope of land management agencies and it is unlikely that managers will be able to 

control the range expansion of the barred owl (Hamer et al. 2007), maintaining existing 

populations of owls through habitat conservation across the range of the species remains 

a critical management strategy.   Franklin et al. (2000) concluded that while λ may be 

determined by habitat quality, the variability of λ is influenced by recruitment and 

reproduction.  Furthermore, they suggested that high quality habitat may buffer variation 

in annual survival during periods of unfavorable environmental conditions.  Climate, 

forest habitat conditions, and prey base vary across the range of the species, and spotted 

owl populations vary in their responses to these conditions.    Increased variability in vital 

rates increases extinction risks for populations (Lande 1993).   Consequently, reduced 

variation in annual survival rates with the conservation of high quality habitat may 

increase the ability of these populations to persist.  
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Appendix A.  Statistical models representing a priori  hypotheses regarding effects of weather and climate 

on northern spotted owl apparent survival on TYE, HJA, CAS, OCR, CLE, and OLY study areas in Oregon 

and Washington.  1985-2005.    Biological explanations of hypotheses are given in Table 1.  Seasonal 

periods are as follows: Winter (w) (Nov-Feb), Early Nesting (en) (Mar-Apr), Late Nesting (ln) (May-Jun), 

Nesting (n) (Mar-Jun), Summer (s) (Jul-Aug), Dispersal (d) (Sep-Oct).  We also examined Precipitation 

and drought conditions during the growing season (g) (May-Oct).  Three model forms were used: Linear 

(L), Pseudo-threshold (P), and Quadratic (Q).  Quadratic forms were used only with Precipitation, where 

we hypothesized that survival would be highest at near normal conditions and lower during periods of high 

or low Precipitation. 
 

 

Hypothesis Model Model Structure 

Expected 

Result 

Model 

Form(s) 

1. Effects of 

winter and 

nesting season 

temperature 

and 

Precipitation.  

φ(w TMIN) β0  + β1(w TMIN) β1 > 0 L, P 

φ (w PRECIP) β0  + β1(w PRECIP) β1 < 0 L, P, Q
1
 

φ (w TMIN + w PRECIP) 

 

β0  + β1(w TMIN) + β2(w 

PRECIP) 

β1 > 0, β2 < 

0 

L, P, Q
1
  

φ (en TMIN) β0  + β1(en TMIN) β1 > 0 L, P 

φ (en PRECIP) β0  + β1(en PRECIP) β1 < 0 L, P, Q
1
 

φ (en TMIN + en PRECIP) β0  + β1(en TMIN) + β2(en 

PRECIP) 

β1 > 0, β2 < 

0 

L, P, Q
1
  

φ (ln TMIN) β0  + β1(ln TMIN) β1 > 0 L, P 

φ (ln PRECIP) β0  + β1(ln PRECIP) β1 < 0 L, P, Q
1
 

φ (ln TMIN +ln PRECIP) β0  + β1(ln TMIN) + β2(ln 

PRECIP) 

β1 > 0, β2 < 

0 

L, P, Q
1
 

φ (n TMIN ) β0  + β1(n TMIN) β1 > 0 L, P 

φ (n PRECIP) β0  + β1(n PRECIP) β1 < 0 L, P, Q
1
 

φ (en TMIN +ln TMIN) β0  + β1(en TMIN) + β2(ln 

TMIN) 

β1 > 0, β2 > 

0 

L, P, Q
1
 

φ (en PRECIP + ln 

PRECIP) 

β0  + β1(en PRECIP) + 

β2(ln PRECIP) 

β1 < 0, β2 < 

0 

L, P, Q
1
 

φ (en TMIN + en PRECIP + 

ln TMIN + ln PRECIP) 

β0  + β1(en TMIN) + β2(en 

PRECIP) + β3(ln TMIN) + 

β4(ln PRECIP) 

β1 > 0, β2 < 

0, β3 > 0, β4 

< 0 

L, P, Q
1
  

φ (w-en PRECIP) β0  + β1(w-en PRECIP) β1< 0 L, P, Q
1
 

φ (w- n PRECIP) β0  + β1(w-n PRECIP) β1< 0 L, P, Q
1
 

φ (w TMIN + en TMIN) β0  + β1(en TMIN) + β2(en 

TMIN) 

β1>0, β2> 0 L, P 

φ (w TMIN + en TMIN + ln 

TMIN) 

β0  + β1(w TMIN) + β2(en 

TMIN) + β3(ln TMIN) 

β1>0, β2> 

0, β3< 0 

L, P 

φ (w TMIN + n TMIN) β0  + β1w TMIN) + β2 (n 

TMIN) 

β1>0, β2> 0 L, P 

φ (w PRECIP + en PRECIP) β0  + β1(en PRECIP) + 

β2(en PRECIP) 

β1<0, β2< 0 L, P, Q
1
 

φ (w PRECIP + en PRECIP 

+ ln PRECIP) 

β0  + β1(w PRECIP) + 

β2(en PRECIP) + β3(ln 

PRECIP) 

β1<0, β2< 

0, β3< 0 

L, P, Q
1
 

φ (w PRECIP + n PRECIP) β0  + β1w PRECIP) + β2 (n 

PRECIP) 

β1<0, β2< 0 L, P, Q
1
 

φ (w TMIN + w PRECIP + 

n TMIN + n PRECIP) 

β0  + β1(w TMIN) + β2(w 

PRECIP) + β3(n TMIN) + 

β4(n PRECIP) 

β1>0, β2< 

0, β3> 0, 

β4< 0 

L, P, Q
1
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φ (w TMIN + w PRECIP + 

en TMIN + en PRECIP) 

β0  + β1(w TMIN) + β2(w 

PRECIP) + β3(en TMIN) + 

β4(en PRECIP) 

β1>0, β2< 

0, β3> 0, 

β4< 0 

L, P, Q
1
  

φ (w TMIN + w PRECIP + 

en TMIN + en PRECIP + ln 

TMIN + ln PRECIP) 

β0  + β1(w TMIN) + β2(w 

PRECIP) + β3(en TMIN) + 

β4(en PRECIP) + β5(ln 

TMIN) + β6(ln PRECIP) 

β1>0, β2< 

0, β3> 0, 

β4< 0, β5> 

0, β6< 0 

L, P, Q
1
  

2.  Negative 

effects of 

heavy winter 

snow. 

φ (TOTAL SNOW) β0  + β1(TOTAL SNOW) β1<0 L, P, Q
1
 

φ (TOTAL SNOW  + w 

TMIN) 

β0  + β1(TOTAL SNOW) + 

β2 (w TMIN) 

β1<0, β2>0 L, P, Q
1
 

3. Effects of 

storms 

φ (# days of w storms ) β0  + β1(# w storm days) β1<0 L, P 

φ (# days of annual storms ) β0  + β1(# annual storm 

days) 

β1<0 L, P 

φ (# days n season storms) β0  + β1(# n storm days) β1<0 L, P 

4. Effects of 

winter/ nesting 

season  

temperature 

and 

precipitation in 

combination 

with storms.  

φ (w PRECIP +# w storms) β0  + β1(w PRECIP) + β2 (# 

w storm days) 

β1<0, β2<0 L, P, Q
1
 

φ (N PRECIP +# n storms) β0  + β1(n PRECIP) + β2 (# 

n storm days) 

β1<0, β2<0 L, P, Q
1
 

φ (w TMIN + w PRECIP + 

# w storms) 

β0  + β1(w TMIN) + β2 (w 

PRECIP) + β3 (# w storm 

days) 

β1>0, β2<0, 

β2<0 

L, P, Q
1
  

φ (N TMIN + n PRECIP +# 

n storms) 

β0  + β1(n TMIN) + β2 (n 

PRECIP) + β3 (# n storm 

days) 

β1>0, β2<0, 

β2<0 

L, P, Q
1
  

φ (w TMIN + w PRECIP + 

n TMIN + n PRECIP + # w-

n storms) 

β0  + β1(w TMIN) + β2 (w 

PRECIP) + β3 (n TMIN) + 

β4 (n PRECIP) + β5 (# w-n 

storms) 

β1>0, β2<0, 

β3>0, 

β4<0, β5<0 

L, P, Q
1
 

φ (en PRECIP + # en 

storms) 

β0  + β1(en  PRECIP) + β2 

(# en storms) 

β1<0, β2<0 L, P, Q
1
 

5. Effects of 

weather/ 

climate 

conditions 

affecting  

primary 

productivity. 

φ (g  PDSI)  β0  + β1(g PDSI) β1>0 L 

φ (previous year g PDSI) β0  + β1(previous year g 

PDSI) 

β1>0 L 

φ (d season PDSI) β0  + β1(d season PDSI) β1>0 L 

φ (annual  PRECIP) β0  + β1(annual PRECIP) β1 >or < 0 L, P, Q
1
 

φ (g PRECIP) β0  + β1(g PRECIP) β1>0 L, P, Q
1
 

φ (d  PRECIP) β0  + β1(d PRECIP) β1>0 L, P, Q
1
 

φ (previous annual  

PRECIP) 

β0  + β1(previous annual 

PRECIP) 

β1 >or < 0 L, P, Q
1
 

φ (previous g   PRECIP) β0  + β1(previous g 

PRECIP) 

β1 > 0 L, P, Q
1
 

φ (annual  PRECIP + 

previous annual PRECIP) 

β0 + β1(annual PRECIP + 

β2(previous annual 

PRECIP) 

β1 >or < 0, 

β2 >or < 0 

L, P, Q
1
 

φ (g PRECIP + previous g 

PRECIP) 

β0 + β1(g PRECIP + 

β2(previous gPRECIP) 

β1 >or < 0, 

β2 >or < 0 

L, P, Q
1
 

φ (g PRECIP + s TMAX) β0 + β1(g PRECIP + β2(s 

TMAX) 

β1>0, β2<0 L, P, Q
1
  

φ (d PRECIP + d TMAX) β0 + β1(d PRECIP + β2(d 

TMAX) 

β1>0, β2>0 L, P, Q
1
 

φ (annual PRECIP +# β0  + β1(annual PRECIP) + β1<0, β2<0 L, P, Q
1
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annual storms) β2 (# annual storm days) 

6.Effect of 

summer heat 

stress 

φ (s TMAX) β0 + β1(s TMAX) β1<0 L, P 

φ (# days  ≥ ˚C  deg F) β0 + β1(# days  ≥ ˚C  deg F) β1<0 L, P 

7.  Effects of 

large-scale 

climate cycles. 

φ (Winter SOI) β0 + β1(Winter SOI) β1<0 L 

φ (Annual SOI) β0 + β1(Annual SOI) β1<0 L 

φ (Winter SOI-lag) β0 + β1(Winter SOI-lag) β1<0 L 

φ (Annual SOI -lag) β0 + β1(Annual SOI-lag) β1<0 L 

φ (Winter PDO) β0 + β1(Winter PDO) β1 > 0 L 

φ (Annual PDO) β0 + β1(Annual PDO) β1 > 0 L 

φ (Winter PDO-lag) β0 + β1(Winter PDO-lag) β1 > 0 L 

φ (Annual PDO -lag) β0 + β1(Annual PDO-lag) β1 > 0 L 

φ (Annual PDO +Annual 

SOI) 

β0 + β1(Annual PDO) + β2 

(Annual SOI) 

β1 > 0, β2<0 L 

φ (Winter PDO +Winter 

SOI) 

β0 + β1(Winter PDO) + β2 

(Winter SOI) 

β1 > 0, β2<0 L 

φ (Annual PDO-lag 

+Annual SOI-lag) 

β0 + β1(Annual PDO-lag) + 

β2 (Annual SOI-lag) 

β1 > 0, β2<0 L 

φ (Winter PDO-lag +Winter 

SOI-lag) 

β0 + β1(Winter PDO-lag) + 

β2 (Winter SOI-lag) 

β1 > 0, β2<0 L 

1
Quadratic form was used only on PRECIP 
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Appendix B.  Covariates included in candidate models for non-climate effects (base model) for apparent 

annual survival for northern spotted owls on 6 study areas in Washington and Oregon, 1985-2005.   

 

Covariate Description 

t Categorical time effect  

T Linear time trend  

TT Quadratic time trend 

ln_T Pseudo-threshold time trend  

Sex Male, female 

Age (1) Age: 1
st
 year subadult, 2

nd
 year subadult, adult 

Age (2) Age: 1
st
 year subadult, 2

nd
 year subadult + adult 

Age(3) Age: 1
st
 year subadult +2

nd
 year subadult, adult 

BO Proportion of owl territories in a study area with barred 

owl detections  

REPROD Mean number of young fledged per pair per year  

East-West Position along east-west gradient spanning an individual 

study area  
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Appendix C.  Model selection criteria for a priori models used in the analysis of effects of weather and 

climate on the apparent annual survival for northern spotted owls on 6 study areas in Washington and 

Oregon, 1985-2005.   Models listed include those that ranked higher than the base survival model, 

including up to 20 models,  

 

Rank MODEL AICc K 

a priori 

∆ AICc 

a 

priori 

AICc 

w 
Hypothesis 

represented 

Olympic Study Area      

1 {φ (age +sex+BO+East-West + 

winter PRECIP+ winter PRECIP
2
 + # 

winter storm days) p (age+t)} 

3090.60 23 0.00 0.19 Combined effects 

of temperature, 

precipitation, and 

storms 

2 {φ (age +sex+BO+East-West 

+current grow season PDSI) p 

(age+t)} 

3092.30 21 1.69 0.08 Primary 

productivity 

3 {φ (age +sex+BO+East-West + 

winter TMIN + winter PRECIP+ 

winter PRECIP
2
 + # winter storm 

days) p (age+t)} 

3092.70 24 2.06 0.07 Combined effects 

of temperature, 

precipitation, and 

storms 

4 {φ (age +sex+BO+East-West + 

winter PRECIP+ winter PRECIP
2
 + 

early nest PRECIP + early nest 

PRECIP
2
) p (age+t)} 

3093.50 24 2.81 0.05 Winter and 

nesting season 

temperature and 

preciptiation 

5 {φ (age +sex+BO+East-West + 

winter PRECIP+ winter PRECIP
2
 + 

nest PRECIP + nest PRECIP
2
) p 

(age+t)} 

3093.50 24 2.89 0.05 Winter and 

nesting season 

temperature and 

preciptiation 

6 {φ (age +sex+BO+East-West + # 

winter storm days) p (age+t)} 

3093.80 21 3.16 0.04 Storms 

7 {φ (age +sex+BO+East-West + 

previous year grow season PDSI) p 

(age+t)} 

3093.80 21 3.20 0.04 Primary 

productivity 

8 {φ (age +sex+BO+East-West + # 

annual storm days) p (age+t)} 

3094.10 21 3.46 0.03 Storms 

9 {φ(age + sex + BO +East-West + 

ln_annual PRECIP + # annual storm 

days) p (age + t)} 

3094.10 22 3.50 0.03 Combined effects 

of temperature, 

precipitation, and 

storms 

10 {φ (age +sex+BO+East-West + nest 

TMIN + nest PRECIP(quadratic) + # 

nest season storm days) p (age+t)} 

3094.50 24 3.84 0.03 Combined effects 

of temperature, 

precipitation, and 

storms 

11 {φ(age + sex + BO + East-West + 

annual PRECIP + # annual storm 

days) p ( age + t ) } 

3094.50 22 3.87 0.03 Combined effects 

of temperature, 

precipitation, and 

storms 

12 {φ (age +sex+BO+East-West + 

Winter PDO) p (age+t)} 

3094.70 21 4.10 0.02 Climate cycle 

13 {φ (age +sex+BO+East-West + 

Annual PDO) p (age+t)} 

3094.90 21 4.25 0.02 Climate cycle 
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14 {φ (age +sex+BO+East-West + 

winter TMIN + winter PRECIP + 

nest TMIN + nest PRECIP +# win-

nest storms) p (age+t)} 

3095.00 25 4.32 0.02 Combined effects 

of temperature, 

precipitation, and 

storms 

15 {φ (age +sex+BO+East-West + 

Annual SOI -1 year lag) p (age+t)} 

3095.20 21 4.56 0.02 Climate cycle 

16 {φ (age +sex+BO+East-West + 

winter storm days^2) p (age+t)} 

3095.20 22 4.57 0.02 Storms 

17 {φ (age +sex+BO+East-West + nest 

PRECIP(quadratic) + # nest season 

storm days) p (age+t)} 

3095.40 23 4.79 0.02 Combined effects 

of temperature, 

precipitation, and 

storms 

18 {φ (age +sex+BO+East-West  + nest 

PRECIP + # nest season storm days) 

p (age+t)} 

3095.70 22 5.09 0.02 Combined effects 

of temperature, 

precipitation, and 

storms 

19 {φ (age +sex+BO+East-West + 

Annual SOI- 1 yr lag + Annual  PDO 

-1 yr lag) p (age+t)} 

3095.80 22 5.13 0.02 Climate cycle 

20 {φ (age +sex+BO+East-West + 

Winter PDO + Winter SOI) p 

(age+t)} 

3095.80 22 5.13 0.02 Climate cycle 

       

49 {φ(age + sex + BO + East-West) p ( age 

+ t ) } 

3100.3 20 9.62 0.00 Base Model 

       

Cle Elum Study Area      

1 {φ (age+BO+ grow  PDSI) p 

(REPROD + BO +East-west)} 

1393.81 8 0.00 0.28 Primary 

productivity 

2 {φ (age+BO+ dispersal  PDSI) p 

(REPROD + BO +East-west)} 

1395.57 8 1.76 0.12 Primary 

productivity 

3 {φ (age +BO + # nesting season 

storms days + # nesting season storm 

days2) p (REPROD +BO+East-west) 

} 

1398.36 9 4.55 0.03 Storms 

4 {φ (age+BO+ # days > 90F) p 

(REPROD + BO +Easting)} 

1398.72 8 4.91 0.02 Heat stress 

5 {phi (age:s2=adult+BO+ ln # annual 

storm days) p (REPROD + BO 

+Easting)} 

1398.96 8 5.15 0.02 Storms 

6 {φ (age+BO+annual PDO lag1) p 

(REPROD + BO +East-west)} 

1399.66 8 5.85 0.02 Climate cycle 

7 {φ (age+BO+ # annual storm days) p 

(REPROD + BO +Easting)} 

1399.69 8 5.88 0.02 Storms 

8 {φ (age+BO+ ln #winter storm days) 

p (REPROD + BO +Easting)} 

1399.81 8 6.00 0.01 Storms 

9 {phi (age:s2=adult+BO+ # winter 

storm days) p (REPROD + BO 

+Easting)} 

1399.86 8 6.05 0.01 Storms 
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10 {phi (age:s2=adult+BO+ # breeding 

season storm days) p (REPROD + 

BO +Easting)} 

1399.91 8 6.10 0.01 Storms 

11 {φ (age+BO+ winter PRECIP + # 

winter storm days) p (REPROD + 

BO +Easting)} 

1400.07 9 6.26 0.01 Combined effects 

of temperature, 

precipitation, and 

storms 

12 {φ (age + BO + ln annual PRECIP + 

ln annual storm days) p 

(REPROD+BO+Easting)} 

1400.19 9 6.38 0.01 Combined effects 

of temperature, 

precipitation, and 

storms 

13 {φ (age+BO+Breed PRECIP + breed 

# storms^2) p (REPROD + BO 

+Easting)} 

1400.38 10 6.57 0.01 Combined effects 

of temperature, 

precipitation, and 

storms 

14 {φ (age + BO) p 

(REPROD+BO+East-west)} 

1400.38 7 6.57 0.01 Base Model 

       

H.J. Andrews Study Area      

1 {φ (age + early nest PRECIP + # 

early nest storms(quadratic)  + 

REPROD) p (age+BO)} 

2892.77 9 0.00 0.10 Storms 

2 {φ(age +summer TMAX + 

REPROD) p (age +BO)} 

2892.85 7 0.08 0.10 Heat stress 

3 {φ (age + winter  PRECIP + winter 

TMIN +# winter storm days 

+REPROD) p (age+BO)} 

2893.29 9 0.53 0.08 Combined effects 

of temperature, 

precipitation, and 

storms 

4 {φ (age + winter  PRECIP + winter 

TMIN + nest PRECIP + nest TMIN 

+ winter-nest storms +REPROD) p 

(age+BO)} 

2893.44 11 0.68 0.07 Combined effects 

of temperature, 

precipitation, and 

storms 

5 {phi(age + grow season PRECIP 

+summer TMAX+ REPROD)  p (age 

+BO)} 

2893.63 8 0.86 0.07 Primary 

productivity 

6 {φ (age+ln grow precip + ln summer 

TMAX+REPROD) p (age + BO)} 

2893.63 8 0.86 0.07 Primary 

productivity 

7 {φ (age + winter  PRECIP + winter 

TMIN + early nest PRECIP + early 

nest TMIN + REPROD) p 

(age+BO)} 

2893.78 10 1.01 0.06 Primary 

productivity 

8 {φ (age + nest PRECIP + # nesting 

season storms(quadratic) +REPROD) 

p (age+BO)} 

2894.07 9 1.31 0.05 Combined effects 

of temperature, 

precipitation, and 

storms 

9 {φ (age + winter  PRECIP + winter 

TMIN + nest PRECIP + nest TMIN 

+REPROD) p (age+BO)} 

2894.34 10 1.57 0.05 Winter and 

nesting season 

temperature and 

preciptiation 

10 {φ (age+ln dispersal precip + ln 

dispersal TMAX +REPROD) p (age 

+ BO)} 

2894.57 8 1.80 0.04 Primary 

productivity 
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11 {φ (age + # nesting season storm 

days(quadratic) +REPROD) p 

(age+BO)} 

2894.87 8 2.10 0.04 Storms 

12 {φ (age + winter  PRECIP + winter 

TMIN + REPROD) p (age+BO)} 

2895.14 8 2.38 0.03 Winter and 

nesting season 

temperature and 

preciptiation 

13 {phi(age +dispersal PRECIP + 

dispersal TMAX+ REPROD ) p (age 

+BO)} } 

2895.33 8 2.56 0.03 Primary 

productivity 

14 {phi (age +ln winter PRECIP + ln 

winter TMIN + REPROD) p (age + 

BO)} 

2896.03 8 3.27 0.02 Winter and 

nesting season 

temperature and 

preciptiation 

15 {phi (age +ln_early nest PRECIP + 

ln early nest TMIN +REPROD) p 

(age + BO)} 

2896.31 8 3.54 0.02 Winter and 

nesting season 

temperature and 

preciptiation 

16 {phi (age + dispersal season PSDI + 

REPROD) p (age+BO)} 

2896.32 7 3.56 0.02 Primary 

productivity 

17 {phi (age + winter  PRECIP + # 

winter storm days + REPROD) p 

(age+BO)} 

2897.04 8 4.28 0.01 Combined effects 

of temperature, 

precipitation, and 

storms 

18 {phi (age +ln_early nest PRECIP 

+REPROD) p (age + BO)} 

2897.48 7 4.71 0.01 Winter and 

nesting season 

temperature and 

preciptiation 

19 {phi (age +ln winter PRECIP + ln 

winter storm days +REPROD) p (age 

+ BO)} 

2897.48 8 4.71 0.01 Combined effects 

of temperature, 

precipitation, and 

storms 

20 {phi (age + winterTMIN + early nest 

TMIN + late nest TMIN + winter 

PRECIP + early nest PRECIP  + late 

nest PRECIP +REPROD) p 

(age+BO)} 

2897.62 12 4.85 0.01 Winter and 

nesting season 

temperature and 

preciptiation 

       

68 {φ (age + REPROD) p (age+BO)} 2902.48 6 9.72 0.00 Base model 

       

Oregon Coast Range Study Area QAICc K ∆ QAICc QAIC

c W 

Hypothesis 

1 {φ(age+REPROD+grow  PDSI) 

p(REPROD+BO+East-West)} 

2153.94 8 0.00 0.13 Primary 

productivity 

2 {φ(age+REPROD+  dispersal  PDSI) 

p(REPROD+BO+East-West)} 

2155.04 8 1.10 0.07 Primary 

productivity 

3 {φ (age+ REPROD +grow PRECIP) 

p (REPROD+BO+East-West)} 

2155.53 8 1.59 0.06 Primary 

productivity 

4 {φ(age+REPROD+# days >90F) 

p(REPROD+BO+East-West)} 

2156.30 8 2.36 0.04 Heat stress 

`5 {phi (age+ REPROD +growing 

season PRECIP+ summer TMAX) p 

(REPROD+BO+East-West)} 

2156.45 9 2.51 0.04 Primary 

productivity 
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6 {phi (age+ REPROD +ln grow 

PRECIP) p (REPROD+BO+East-

West)} 

2156.50 8 2.56 0.04 Primary 

productivity 

7 {phi (age+ REPROD +growing 

season PRECIP+ previous grow 

PRECIP) p (REPROD+BO+East-

West)} 

2156.77 9 2.83 0.03 Primary 

productivity 

8 {φ(age+REPROD+early nest 

PRECIP) p(REPROD+BO+East-

West)} 

2156.85 8 2.91 0.03 Winter and 

nesting season 

temperature and 

preciptiation 

9 {φ(age+REPROD+ winter PRECIP + 

early nest PRECIP) 

p(REPROD+BO+East-West)} 

2156.87 9 2.93 0.03 Winter and 

nesting season 

temperature and 

preciptiation 

10 {φ(age+REPROD+early nest 

PRECIP + early nest storms) 

p(REPROD+BO+East-West)} 

2157.17 9 3.23 0.03 Combined effects 

of temperature, 

precipitation, and 

storms 

11 {phi (age+ REPROD +growing 

season PRECIP(quadratic)) p 

(REPROD+BO+East-West)} 

2157.17 9 3.23 0.03 Primary 

productivity 

12 {phi(age+REPROD+early nest 

PRECIP(quadratic)) 

p(REPROD+BO+East-West)} 

2157.50 9 3.56 0.02 Winter and 

nesting season 

temperature and 

preciptiation 

13 {phi(age+REPROD+nesting season 

storm days(quadratic)) 

p(REPROD+BO+East-West)} 

2157.83 9 3.89 0.02 Storms 

14 {phi (age:age + REPROD +ln early 

nest PRECIP + ln late nest PRECIP) 

p (BO+REPROD+East-West)} 

2157.86 9 3.92 0.02 Winter and 

nesting season 

temperature and 

preciptiation 

15 {phi(age+REPROD+early nest 

PRECIP + late nest PRECIP) 

p(REPROD+BO+East-West)} 

2157.91 9 3.97 0.02 Winter and 

nesting season 

temperature and 

preciptiation 

16 {phi (age:age + REPROD +ln early 

nest PRECIP) p 

(BO+REPROD+East-West)} 

2157.92 8 3.98 0.02 Winter and 

nesting season 

temperature and 

preciptiation 

17 {phi(age+REPROD+early nest 

PRECIP + late nest 

PRECIP(quadratic)) 

p(REPROD+BO+East-West)} 

2157.99 10 4.05 0.02 Winter and 

nesting season 

temperature and 

preciptiation 

18 {φ(age+REPROD+nest PRECIP+ 

nesting season storm 

days(quadratic)) 

p(REPROD+BO+East-West)} 

2158.32 10 4.38 0.01 Combined effects 

of temperature, 

precipitation, and 

storms 

19 {phi (age:age + REPROD +ln winter 

PRECIP + ln early nest PRECIP) p 

(BO+REPROD+East-West)} 

2158.34 9 4.40 0.01 Winter and 

nesting season 

temperature and 

preciptiation 

20 {phi (age+ REPROD +dispersal 

season PRECIP(quadratic)) p 

(REPROD+BO+East-West)} 

2158.50 9 4.56 0.01 Primary 

productivity 
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35 {φ(age+REPROD) 

p(REPROD+BO+East-West)} 

2160.01 7 6.07 0.01 Base model 

       

  AICc K a priori 

∆ AICc 

a 

priori 

AICc 

w 

Hypothesis 

Tyee Study Area      

1 {φ(age + annual SOI-1 year lag + 

annual PDO -1 year lag) p (sex +T)}    

2218.10 7 0.00 0.87 Climate cycle 

2 {φ(age +annual SOI-1 year lag) p 

(sex +T)} 

2223.75 6 5.64 0.05 Climate cycle 

3 {φ(age + winter SOI - 1 year lag + 

winter PDO 1 yr lag) p (sex +T)} 

2225.55 7 7.45 0.02 Climate cycle 

4 {phi(s1,s2=adult + jun-nov SOI - 1 

year lag) p (sex +T)} 

2228.34 6 10.23 0.01 Climate cycle 

5 {φ(age + annual PRECIP + annual 

PRECIP(lag1)) p (sex+T)} 

2228.40 7 10.30 0.01 Primary 

productivity 

6 {φ(age + ln _annual PRECIP + ln 

_annual PRECIP(lag1)) p (sex+T)} 

2228.72 7 10.62 0.00 Primary 

productivity 

7 {φ (age +ln_early nest PRECIP) 

p(sex+T)}2} 

2229.49 6 11.39 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

8 {φ(age + nest PRECIP) p (sex +T)} 2229.82 6 11.72 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

9 {φ(age + previous year annual 

PRECIP) p (sex+T)} 

2230.40 6 12.30 0.00 Primary 

productivity 

10 {φ (age +ln_early nest PRECIP + 

ln_# early nest storm days) 

p(sex+T)} 

2230.77 7 12.66 0.00 Combined effects 

of temperature, 

precipitation, and 

storms 

11 {φ(age + early nest PRECIP) p (sex 

+T)} 

2230.80 6 12.69 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

12 {phi (s1,s2=a +ln winter PRECIP + 

ln ebreed PRECIP) p(sex+T)}2} 

2230.86 7 12.76 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

13 {phi(s1,s2=adult +Breed TMIN + 

Breed PRECIP) p (sex +T)} 

2231.07 7 12.97 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

14 {phi (s1,s2=a +ln breeding PRECIP) 

p(sex+T)} 

2231.37 6 13.27 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

15 {phi(s1,s2=adult + winter PRECIP + 

Breed PRECIP) p (sex +T)} 

2231.40 7 13.30 0.00 Winter and 

nesting season 

temperature and 
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preciptiation 

16 {phi (s1,s2=a +ln ebreeding PRECIP 

+ ln lbreed PRECIP) p(sex+T)} 

2231.50 7 13.40 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

17 {φ(age + nest PRECIP + # nesting 

season storm days) p (sex +T)} 

2231.67 7 13.57 0.00 Combined effects 

of temperature, 

precipitation, and 

storms 

18 {phi(s1,s2=adult + Breed PRECIP^2) 

p (sex +T)} -} 

2231.82 7 13.72 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

19 {phi(s1,s2=adult + ebreed PRECIP + 

lbreed PRECIP) p (sex +T)} 

2231.83 7 13.72 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

20 {phi(s1,s2=adult + #winter storm 

days^2) p (sex +T)} 

2231.87 7 13.77 0.00 Storms 

       

49 {φ(age) p (sex+T)} 2234.00 5 15.90 0.00 Base model 

       

Southern Oregon Cascades Study Area      

1 {φ(age+winter TMIN+winter 

PRECIP(quadratic)+# winter 

storms(quadratic))p(BO+REPROD+

East-West)} 

2400.24 11 0.00 0.65 Combined effects 

of temperature, 

precipitation, and 

storms 

2 {φ(age+winter TMIN+winter 

PRECIP+# winter 

storms(quadratic))p(BO+REPROD+

East-West)} 

2404.30 10 4.06 0.08 Combined effects 

of temperature, 

precipitation, and 

storms 

3 {φ(age+winter TMIN+winter 

PRECIP+nestTMIN+nest PRECIP+# 

winter-nest season storm 

days)p(BO+REPROD+East-West)} 

2404.74 11 4.50 0.07 Combined effects 

of temperature, 

precipitation, and 

storms 

4 {φ(age+winter TMIN+winter 

PRECIP(quadratic))p(BO+REPROD

+East-West)} 

2405.92 9 5.68 0.04 Winter and 

nesting season 

temperature and 

preciptiation 

5 {φ(age+annual PRECIP(quadratic)+# 

annual 

storms(quadratic))p(BO+REPROD+

East-West)} 

2406.00 10 5.76 0.04 Combined effects 

of temperature, 

precipitation, and 

storms 

6 {φ(age+winter TMIN+winter 

PRECIP+# winter 

storms)p(BO+REPROD+East-

West)} 

2406.96 9 6.72 0.02 Combined effects 

of temperature, 

precipitation, and 

storms 

7 {φ(age+winter TMIN+winter 

PRECIP+early nestTMIN+early nest 

PRECIP)p(BO+REPROD+East-

West)} 

2408.15 10 7.91 0.01 Winter and 

nesting season 

temperature and 

preciptiation 
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8 {φ(age+ln_annual PRECIP+# annual 

storms)p(BO+REPROD+East-

West)} 

2408.20 8 7.96 0.01 Combined effects 

of temperature, 

precipitation, and 

storms 

9 {φ(age+#days>90)p(BO+REPROD+

East-West)} 

2408.58 7 8.34 0.01  

10 {φ(age+ln_winter TMIN+ln_winter 

PRECIP) p (BO + REPROD + East-

West)} 

2410.59 8 10.35 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

11 {φ(age+annual PRECIP+# annual 

storms)p(BO+REPROD+East-

West)} 

2411.22 8 10.98 0.00 Combined effects 

of temperature, 

precipitation, and 

storms 

12 {φ(age+winter TMIN+winter 

PRECIP+nestTMIN+nest 

PRECIP)p(BO+REPROD+East-

West)} 

2411.26 10 11.02 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

13 {φ(age+winter 

TMIN+SNOW)p(BO+REPROD+Ea

st-West)} 

2411.45 7 11.21 0.00 Snow 

14 {φ(age+winter TMIN+winter 

PRECIP+early nestTMIN+early nest 

PRECIP+late nestTMIN+late nest 

PRECIP)p(BO+REPROD+East-

West)} 

2411.67 12 11.43 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

15 {φ(age+winter TMIN+early 

nestTMIN+late 

nestTMIN)p(BO+REPROD+East-

West)} 

2412.08 9 11.84 0.00 Winter and 

nesting season 

temperature and 

preciptiation 

16 {φ(age+winter TMIN+winter 

PRECIP)p(BO+REPROD+East-

West)} 

2412.42 8 12.18 0.00 Winter and nesting 
season temperature 

and preciptiation 

17 {φ(age+winter 

TMIN)p(BO+REPROD+East-West)} 

2412.90 7 12.66 0.00 Winter and nesting 
season temperature 

and preciptiation 

18 {φ(age+winter TMIN+early 

nestTMIN)p(BO+REPROD+East-

West)} 

2412.98 8 12.74 0.00 Winter and nesting 
season temperature 

and preciptiation 

19 {φ(age+ln_winter TMIN+ln_early 

nestTMIN+lnlate 

nestTMIN)p(BO+REPROD+East-

West)} 

2413.01 9 12.77 0.00 Winter and nesting 
season temperature 

and preciptiation 

20 {φ(age+ln_winter 

TMIN+ln_SNOW)p(BO+REPROD+

East-West)} 

2413.26 8 13.02 0.00 Snow 

       

22 {φ(age+t)p(BO+REPROD+East-

West)} 

2413.81 19 13.57 0.00 Base model 
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Appendix D. Covariates included in candidate models for non-climate effects (base model) for meta-

analysis of apparent annual survival for northern spotted owls on 6 study areas in Washington and Oregon, 

1991-2001.   

 

Covariate Description 

AREA Categorical grouping by study area 

NORTH UTM position along north-south gradient  

EAST UTM position along east-west gradient 

t Categorical time effect  

T Linear time trend  

TT Quadratic time trend 

ln_T Pseudo-threshold time trend  

Sex Male, female 

Age (1) Age: 1
st
 year subadult, 2

nd
 year subadult, adult 

Age (2) Age: 1
st
 year subadult, 2

nd
 year subadult + adult 

Age(3) Age: 1
st
 year subadult +2

nd
 year subadult, adult 

BO Proportion of owl territories in a study area with barred 

owl detections  

REPROD Mean number of young fledged per pair per year  

East-West Position along east-west gradient spanning an individual 

study area  

  

 

 

 

 

  



281 

 

 

 

Appendix E.  Statistical models representing a priori  hypotheses regarding effects of  

weather and climate on northern spotted owl reproduction on OLY, CLE, HJA, OCR, 

TYE, and CAS study areas in Oregon and Washington.  1985-2005.    Biological 

explanations of hypotheses are given in Table 1.  Seasonal periods are as follows: Winter 

(w) (Nov-Feb), Early Nesting (en) (Mar-Apr), Late Nesting (ln) (May-Jun), Nesting (n) 

(Mar-Jun), Summer (s) (Jul-Aug), Dispersal (d) (Sep-Oct).  We also examined 

Precipitation and drought conditions during the growing season (g) (May-Oct).  Three 

model forms were used: Linear (L), Pseudo-threshold (P), and Quadratic (Q).  Quadratic 

forms were used only with Precipitation, where we hypothesized that survival would be 

highest at near normal conditions and lower during periods of high or low Precipitation. 

 

Hypothesis Model Model Structure 

Expected 

Result 

Model 

Form(s) 

1. Effects of 

nesting season 

temperature 

and 

precipitation.  

 (en TMIN) β0  + β1(en TMIN) β1 > 0 L, P 

 (en PRECIP) β0  + β1(en PRECIP) β1 < 0 L, P, Q
1
 

 (en TMIN + en 

PRECIP) 

β0  + β1(en TMIN) + 

β2(en PRECIP) 

β1 > 0, β2 

< 0 

L, P, Q
1
  

 (ln TMIN) β0  + β1(ln TMIN) β1 > 0 L, P 

 (ln PRECIP) β0  + β1(ln PRECIP) β1 < 0 L, P, Q
1
 

 (ln TMIN +ln PRECIP) β0  + β1(ln TMIN) + 

β2(ln PRECIP) 

β1 > 0, β2 

< 0 

L, P, Q
1
 

 (n TMIN ) β0  + β1(n TMIN) β1 > 0 L, P 

 (n PRECIP) β0  + β1(n PRECIP) β1 < 0 L, P, Q
1
 

 (en TMIN +ln TMIN) β0  + β1(en TMIN) + 

β2(ln TMIN) 

β1 > 0, β2 

> 0 

L, P, Q
1
 

 (en PRECIP + ln 

PRECIP) 

β0  + β1(en PRECIP) 

+ β2(ln PRECIP) 

β1 < 0, β2 

< 0 

L, P, Q
1
 

 (en TMIN + en 

PRECIP + ln TMIN + ln 

PRECIP) 

β0  + β1(en TMIN) + 

β2(en PRECIP) + 

β3(ln TMIN) + β4(ln 

PRECIP) 

β1 > 0, β2 

< 0, β3 > 

0, β4 < 0 

L, P, Q
1
  

2. Effects of 

winter 

temperature 

and 

precipitation 

 (w TMIN) β0  + β1(w TMIN) β1 > 0 L, P 

  (w PRECIP) β0  + β1(w PRECIP) β1 < 0 L, P, Q
1
 

  (w TMIN + w PRECIP) 

 

β0  + β1(w TMIN) + 

β2(w PRECIP) 

β1 > 0, β2 

< 0 

L, P, Q
1
  

3.  Negative 

effects of 

heavy snow. 

 (TOTAL SNOW) β0  + β1(TOTAL 

SNOW) 

β1<0 L, P, Q
1
 

 (TOTAL SNOW  + w 

TMIN) 

β0  + β1(TOTAL 

SNOW) + β2 (w 

TMIN) 

β1<0, 

β2>0 

L, P, Q
1
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4. Effects of 

storms 

 (# days of w storms ) β0  + β1(# w storm 

days) 

β1<0 L, P 

 (# days of annual 

storms ) 

β0  + β1(# annual 

storm days) 

β1<0 L, P 

 (# days n season 

storms) 

β0  + β1(# n storm 

days) 

β1<0 L, P 

5. Combined 

effects of 

winter/ nesting 

season  

temperature, 

precipitation, 

and storms.  

 (w PRECIP +# w 

storms) 

β0  + β1(w PRECIP) + 

β2 (# w storm days) 

β1<0, 

β2<0 

L, P, Q
1
 

 (N PRECIP +# n 

storms) 

β0  + β1(n PRECIP) + 

β2 (# n storm days) 

β1<0, 

β2<0 

L, P, Q
1
 

 (w TMIN + w PRECIP 

+ # w storms) 

β0  + β1(w TMIN) + 

β2 (w PRECIP) + β3 

(# w storm days) 

β1>0, 

β2<0, 

β2<0 

L, P, Q
1
  

 (N TMIN + n PRECIP 

+# n storms) 

β0  + β1(n TMIN) + 

β2 (n PRECIP) + β3 

(# n storm days) 

β1>0, 

β2<0, 

β2<0 

L, P, Q
1
  

 (w TMIN + w PRECIP 

+ n TMIN + n PRECIP 

+ # w-n storms) 

β0  + β1(w TMIN) + 

β2 (w PRECIP) + β3 

(n TMIN) + β4 (n 

PRECIP) + β5 (# w-n 

storms) 

β1>0, 

β2<0, 

β3>0, 

β4<0, 

β5<0 

L, P, Q
1
 

 (en PRECIP + # en 

storms) 

β0  + β1(en  PRECIP) 

+ β2 (# en storms) 

β1<0, 

β2<0 

L, P, Q
1
 

  (w-en PRECIP) β0  + β1(w-en 

PRECIP) 

β1< 0 L, P, Q
1
 

  (w- n PRECIP) β0  + β1(w-n 

PRECIP) 

β1< 0 L, P, Q
1
 

  (w TMIN + en TMIN) β0  + β1(en TMIN) + 

β2(en TMIN) 

β1>0, β2> 

0 

L, P 

  (w TMIN + en TMIN + 

ln TMIN) 

β0  + β1(w TMIN) + 

β2(en TMIN) + β3(ln 

TMIN) 

β1>0, β2> 

0, β3< 0 

L, P 

  (w TMIN + n TMIN) β0  + β1w TMIN) + β2 

(n TMIN) 

β1>0, β2> 

0 

L, P 

  (w PRECIP + en 

PRECIP) 

β0  + β1(en PRECIP) 

+ β2(en PRECIP) 

β1<0, β2< 

0 

L, P, Q
1
 

  (w PRECIP + en 

PRECIP + ln PRECIP) 

β0  + β1(w PRECIP) + 

β2(en PRECIP) + 

β3(ln PRECIP) 

β1<0, β2< 

0, β3< 0 

L, P, Q
1
 

  (w PRECIP + n 

PRECIP) 

β0  + β1w PRECIP) + 

β2 (n PRECIP) 

β1<0, β2< 

0 

L, P, Q
1
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  (w TMIN + w PRECIP 

+ n TMIN + n PRECIP) 

β0  + β1(w TMIN) + 

β2(w PRECIP) + β3(n 

TMIN) + β4(n 

PRECIP) 

β1>0, β2< 

0, β3> 0, 

β4< 0 

L, P, Q
1
  

  (w TMIN + w PRECIP 

+ en TMIN + en 

PRECIP) 

β0  + β1(w TMIN) + 

β2(w PRECIP) + 

β3(en TMIN) + β4(en 

PRECIP) 

β1>0, β2< 

0, β3> 0, 

β4< 0 

L, P, Q
1
  

  (w TMIN + w PRECIP 

+ en TMIN + en 

PRECIP + ln TMIN + ln 

PRECIP) 

β0  + β1(w TMIN) + 

β2(w PRECIP) + 

β3(en TMIN) + β4(en 

PRECIP) + β5(ln 

TMIN) + β6(ln 

PRECIP) 

β1>0, β2< 

0, β3> 0, 

β4< 0, 

β5> 0, 

β6< 0 

L, P, Q
1
  

     

6. Effects of 

weather/ 

climate 

conditions 

affecting  

primary 

productivity. 

 (g  PDSI)  β0  + β1(g PDSI) β1>0 L 

 (previous year g PDSI) β0  + β1(previous year 

g PDSI) 

β1>0 L 

 (d season PDSI) β0  + β1(d season 

PDSI) 

β1>0 L 

 (annual  PRECIP) β0  + β1(annual 

PRECIP) 

β1 >or < 0 L, P, Q
1
 

 (g PRECIP) β0  + β1(g PRECIP) β1>0 L, P, Q
1
 

 (d  PRECIP) β0  + β1(d PRECIP) β1>0 L, P, Q
1
 

 (previous annual  

PRECIP) 

β0  + β1(previous 

annual PRECIP) 

β1 >or < 0 L, P, Q
1
 

 (previous g   PRECIP) β0  + β1(previous g 

PRECIP) 

β1 > 0 L, P, Q
1
 

 (annual  PRECIP + 

previous annual 

PRECIP) 

β0 + β1(annual 

PRECIP + 

β2(previous annual 

PRECIP) 

β1 >or < 

0, 

β2 >or < 0 

L, P, Q
1
 

 (g PRECIP + previous 

g PRECIP) 

β0 + β1(g PRECIP + 

β2(previous 

gPRECIP) 

β1 >or < 

0, 

β2 >or < 0 

L, P, Q
1
 

 (g PRECIP + s TMAX) β0 + β1(g PRECIP + 

β2(s TMAX) 

β1>0, 

β2<0 

L, P, Q
1
  

 (d PRECIP + d TMAX) β0 + β1(d PRECIP + 

β2(d TMAX) 

β1>0, 

β2>0 

L, P, Q
1
 

 (annual PRECIP +# 

annual storms) 

β0  + β1(annual 

PRECIP) + β2 (# 

annual storm days) 

β1<0, 

β2<0 

L, P, Q
1
 

  (s TMAX) β0 + β1(s TMAX) β1<0 L, P 

7.  Effects of  (Winter SOI) β0 + β1(Winter SOI) β1<0 L 
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large-scale 

climate cycles. 

 (Annual SOI) β0 + β1(Annual SOI) β1<0 L 

 (Winter SOI-lag) β0 + β1(Winter SOI-

lag) 

β1<0 L 

 (Annual SOI -lag) β0 + β1(Annual SOI-

lag) 

β1<0 L 

 (Winter PDO) β0 + β1(Winter PDO) β1 > 0 L 

 (Annual PDO) β0 + β1(Annual PDO) β1 > 0 L 

 (Winter PDO-lag) β0 + β1(Winter PDO-

lag) 

β1 > 0 L 

 (Annual PDO -lag) β0 + β1(Annual PDO-

lag) 

β1 > 0 L 

 (Annual PDO +Annual 

SOI) 

β0 + β1(Annual PDO) 

+ β2 (Annual SOI) 

β1 > 0, 

β2<0 

L 

 (Winter PDO +Winter 

SOI) 

β0 + β1(Winter PDO) 

+ β2 (Winter SOI) 

β1 > 0, 

β2<0 

L 

 (Annual PDO-lag 

+Annual SOI-lag) 

β0 + β1(Annual PDO-

lag) + β2 (Annual 

SOI-lag) 

β1 > 0, 

β2<0 

L 

 (Winter PDO-lag 

+Winter SOI-lag) 

β0 + β1(Winter PDO-

lag) + β2 (Winter 

SOI-lag) 

β1 > 0, 

β2<0 

L 

1
Quadratic form was used only on PRECIP 
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Appendix F. SAS code for evaluating covariance structures and climate models for 

northern spotted owl reproduction on 6 study areas in Washington and Oregon, 1985-

2005. 

 

*/ SAS code for evaluating covariance models 

 

This program was used to determine the best covariance structure to use for modeling 

effects of climate on spotted owl reproduction. 

 

Response variable: 

NYF= number of young fledged per pair per year 

 

Random effects: 

Yr=year 

Site= owl territory 

 

Fixed effects: 

AF=female age (1
st
 year subadult, 2

nd
 year subadult, adult) 

AM = male age (1
st
 year subadult, 2

nd
 year subadult, adult) 

Barred_owl = proportion of spotted owl territories on study area with barred owl 

detections 

East-west = position (km) of nso territory along east-west gradient spanning the study 

area. 

Even-odd = categorical covariate representing alternate year breeding patterns in many 

spotted owl populations.*/ 

 

**************************************************** 

 

proc datasets memtype=all; 

delete aic1 aic; 

run; 

 

*this macro compiles model results order of aicc values at the end of the SAS output; 

 

%MACRO AICCOMP; 

PROC SORT DATA=AIC1; 

 BY AIC; 

PROC MEANS DATA=AIC1 NOPRINT; 

  VAR AIC; 

  OUTPUT OUT=minAIC MIN=minAIC; 

 RUN; 

DATA AIC (KEEP=AIC k model delta); 

 RETAIN minAIC; 

 IF _N_=1 THEN SET minAIC; 
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 SET AIC1; 

 delta=AIC-minAIC; 

 RUN; 

TITLE 'Error Model Comparison'; 

PROC PRINT DATA=AIC; RUN; 

%MEND; 

 

*error model analysis Compound Symmetric (CS); 

 

ODS pdf; 

ods graphics on;  

PROC MIXED DATA=study area reprod file IC METHOD=REML boxplot; 

 TITLE "AF AM  barred_owl east-west(covariance = cs)"; 

  class yr site af am evenodd; 

   MODEL nyf = af am evenodd barred_owl east-west / ddfm=SATTERTH residual; 

   Random yr; 

   repeated yr / subject=site type=cs R RCORR; 

 RUN; 

 

goptions reset=all;       

DATA modelinfo2 (KEEP=model AIC k); 

  SET modelinfo; 

  LENGTH model $ 40; 

  k=parms; 

  model="af am eo barred_owl east-west(cs)"; 

 RUN; 

 

PROC APPEND DATA=modelinfo2 BASE=AIC1; 

 RUN; 

 

*error model analysis 1
st
 order autoregressive(AR(1)); 

 

PROC MIXED DATA= study area reprod file  

IC METHOD=REML boxplot; 

 TITLE "af am evenodd barred_owl east-west(covariance = ar(1))"; 

  class yr site af am evenodd; 

MODEL nyf= af am evenodd barred_owl east-west / ddfm=SATTERTH Residual; 

  Random site yr; 

  repeated yr  / subject=site type=ar(1) R RCORR; 

  ODS OUTPUT InfoCrit=modelinfo fitstatistics=fit; 

 RUN; 

 

goptions reset=all;       
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DATA modelinfo2 (KEEP=model AIC k); 

  SET modelinfo; 

  LENGTH model $ 40; 

  k=parms; 

  model="af am evenodd barred_owl east-west (ar(1))"; 

 RUN; 

 

PROC APPEND DATA=modelinfo2 BASE=AIC1; 

 RUN; 

 

 

*error model analysis 1
st
 order heterogeneous autoregressive (ARH(1)); 

 

PROC MIXED DATA=study area reprod file IC METHOD=REML boxplotl; 

 TITLE "af am yr (covariance = arh(1))"; 

  class yr site af am evenodd; 

MODEL nyf= af am evenodd barred_owl east-west / ddfm=SATTERTH residual; 

  RAndom site yr;  

  repeated yr / subject=site  type=arh(1) R RCORR; 

 ODS OUTPUT InfoCrit=modelinfo fitstatistics=fit; 

 RUN; 

 

goptions reset=all;       

DATA modelinfo2 (KEEP=model AIC k); 

  SET modelinfo; 

  LENGTH model $ 40; 

  k=parms; 

  model="am af evenodd barred_owl east-west(arh(1))"; 

 RUN; 

 

PROC APPEND DATA=modelinfo2 BASE=AIC1; 

 RUN; 

 

*error model analysis (local=exp(af am yr)); 

   

PROC MIXED DATA=study area reprod file IC METHOD=REML boxplot; 

 TITLE "af am evenodd barred_owl east-west (covariance = local=exp(af am ))"; 

  class yr site af am evenodd; 

  MODEL nyf= af am evenodd barred_owl east-west / ddfm=SATTERTH residual; 

  Random yr site; 

  repeated / subject=site  local=exp(af am yr) R RCORR; 

  ODS OUTPUT InfoCrit=modelinfo fitstatistics=fit; 

 RUN; 
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goptions reset=all;       

 

DATA modelinfo2 (KEEP=model AIC k); 

  SET modelinfo; 

  LENGTH model $ 40; 

  k=parms; 

  model="af am evenodd barred owl east-west local=exp(af am yr)"; 

 RUN; 

 

PROC APPEND DATA=modelinfo2 BASE=AIC1; 

 RUN; 

 

*cas error model analysis (local=exp(af am evenodd)) 

   

PROC MIXED DATA=study area reprod file IC METHOD=REML boxplot; 

 TITLE "af am evenodd barred_owl east-west (covariance = local=exp(af am ))"; 

  class yr site af am evenodd; 

  MODEL nyf= af am evenodd barred_owl east-west / ddfm=SATTERTH residual; 

  Random yr site; 

repeated / subject=site  local=exp(af am evenodd) R RCORR; 

  ODS OUTPUT InfoCrit=modelinfo fitstatistics=fit; 

 RUN; 

 

goptions reset=all;       

 

DATA modelinfo2 (KEEP=model AIC k); 

  SET modelinfo; 

  LENGTH model $ 40; 

  k=parms; 

  model="af am evenodd barred owl east-west local=exp(af am )"; 

 RUN; 

 

PROC APPEND DATA=modelinfo2 BASE=AIC1; 

 RUN; 

 

%aiccomp 
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SAS code assessing effects of climate on spotted owl reproduction 

 

*(Climate models - using AR (1) and (af am evenodd east-west) as base model; 

 ODS pdf; 

Ods graphics on; 

%MACRO AIC(dataset, yvar, xvars); 

PROC MIXED DATA=&dataset IC METHOD=ML; 

TITLE "&xvars (Climate models for NSO reproduction )"; 

  class site yr af am; 

MODEL &yvar=&xvars / ddfm=SATTERTH  s OUTP=resout s; 

RANDOM site yr; 

REPEATED  yr / subject=site type=ar(1) R RCORR;  

ODS OUTPUT InfoCrit = modelinfo fitstatistics=fit; 

  RUN; 

 

 

DATA modelinfo2 (KEEP=model AIC AICC k); 

  SET modelinfo; 

  LENGTH model $ 40; 

  k=parms; 

  model="&xvars"; 

RUN; 

 

PROC APPEND DATA=modelinfo2 BASE=AIC1; 

 RUN; 

%MEND; 

 

%MACRO AICCOMP; 

PROC SORT DATA=AIC1; 

 BY AICC; 

PROC MEANS DATA=AIC1 NOPRINT; 

  VAR AICC; 

  OUTPUT OUT=minAIC MIN=minAIC; 

 RUN; 

DATA AIC (KEEP=AIC AICC k model delta); 

 RETAIN minAIC; 

 IF _N_=1 THEN SET minAIC; 

 SET AIC1; 

 delta=AICC-minAIC; 

 RUN; 

 

TITLE 'Climate Model Comparison (repeated -ar(1))'; 

PROC PRINT DATA=AIC; RUN; 

%MEND; 
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proc datasets memtype=all; 

delete aic1 aic; 

run; 

 

BASE MODELS- used to determine which demographic variables to include in climate 

models 

* Run the macro on models; 

%aic(INPUTFILE, nyf, ) 

%aic(INPUTFILE, nyf, af) 

%aic(INPUTFILE, nyf, am) 

%aic(INPUTFILE, nyf, am af) 

%aic(INPUTFILE, nyf, barred_owl) 

%aic(INPUTFILE, nyf, east-west) 

%aic(INPUTFILE, nyf, T) 

%aic(INPUTFILE, nyf, lnT) 

%aic(INPUTFILE, nyf, T TT) 

%aic(INPUTFILE, nyf, evenodd); 

/*…….(remainder of base models); 

 

%aiccomp; 

 

CLIMATE MODELS- added climate covariates to top base model structure. 

* Run the macro on models; 

%aic(INPUTFILE, nyf, am af east-west  ebp) 

%aic(INPUTFILE, nyf, am af east-west  ln_ebp) 

%aic(INPUTFILE, nyf, am af east-west  ebp q_ebp) 

%aic(INPUTFILE, nyf, am af east-west  lbp) 

%aic(INPUTFILE, nyf, am af east-west  ln_lbp) 

%aic(INPUTFILE, nyf, am af east-west  lbp q_lbp) 

%aic(INPUTFILE, nyf, am af east-west  brp)…… 

See appendix A for full list of climate models. 

 

/*note: combinations of ln_ and quadratic forms were conducted if these forms performed 

better than linear forms.  Additionally, interactions between demographic and climate 

covariates were also conducted posteriori */ 

 

%aiccomp; 
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Appendix G. Model selection criteria for a priori models used in the analysis of effects of weather and 

climate on reproduction of  northern spotted owls on 6 study areas in Washington and Oregon, 1985-2005.   

Models listed include those that ranked higher than the base reproduction model, including up to 20 

models, 
       

  

MODEL AICc K ∆ AICc 

AICc  

w Hypothesis 

OLY       

1 male age + female age + East-West + 

BO + even-odd + growing season 

PRECIP + growing season PRECIP
2
 

1908.50 12 0.00 0.583 primary 
productivity 

2 male age + female age + East-West + 

BO + even-odd + dispersal PRECIP + 

dispersal PRECIP
2
 

1911.40 12 2.90 0.137 primary 
productivity 

3 male age + female age + BO + even-

odd 

1916.70 10 8.90 0.010 base model 

4 male age + female age + East-West + 

BO + even-odd +    ln_# annual storm 

days        

1916.71 10 8.21 0.010 storms 

5 male age + female age + East-West + 

BO + even-odd +  # annual storm days 

+ # annual storm days
2
 

1917.00 11 8.50 0.008 storms 

6 male age + female age + East-West + 

BO + even-odd + winter TMIN              

1917.10 11 8.60 0.008 winter temperature 

and precipitation 

7 male age + female age + East-West + 

BO + even-odd + ln_ # winter storm 

days         

1917.55 10 9.05 0.006 storms 

8 male age + female age + East-West + 

BO + even-odd + late nesting PRECIP             

1917.60 11 9.11 0.006 nesting season 

temperature and 
precipitation 

9 male age + female age + East-West + 

BO + even-odd + ln_winter TMIN 

1917.90 11 9.20 0.006 winter temperature 
and precipitation 

10 male age + female age + East-West + 

BO + even-odd+   ln_late nesting 

PRECIP           

1917.80 11 9.30 0.006 nesting season 

temperature and 
precipitation 

       

CLE       

1 male age + female age + East-west + 

evenodd + SNOW + SNOW
2
 

1125.37 11 0.00 0.635 snow 

2 male age + female age + East-west + 

evenodd + SNOW    

1129.67 10 4.29 0.074 snow 

3 male age + female age + East-west + 

evenodd + winter TMIN + SNOW 

1131.10 11 5.72 0.036 snow 

4  am af easting evenodd  ln_snow             1132.34 10 6.97 0.020 snow 

5 male age + female age + East-west + 

evenodd + dispersal PRECIP + 

dispersal TMAX       

1132.46 11 7.09 0.018 primary 
productivity 

6 male age + female age + East-west + 

evenodd + winter PDO (lag2) 

1133.78 10 8.41 0.009 climate cycles 
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7 male age + female age + East-west + 

evenodd  + winter TMIN + early nest 

TMIN + late nest TMIN 

1133.80 12 8.42 0.009 combined effects 

of temperature, 
precipitation, and 

storms in winter 

and nesting 
seasons 

8 male age + female age + East-West  + 

evenodd                   

1134.60 9 9.23 #REF! Base model 

9 male age + female age + East-west + 

evenodd + winter TMIN + winter 

PRECIP 

1134.825 10 9.45 0.006 winter temperature 
and precipitation 

10 male age + female age + East-west + 

evenodd + ln_winter PRECIP              

1134.832 10 9.46 0.006 winter temperature 

and precipitation 

       

HJA       

1 male age + female age + even-odd + # 

annual storm days                  

2391.60 11 0.00 0.048 storms 

2 male age + female age + even-odd + 

ln_# annual storm days      

2391.92 11 0.33 0.041 storms 

3 male age + female age + even-odd + 

annual PDO (lag2)              

2392.05 11 0.45 0.038 climate cycles 

4 male age + female age + even-odd + 

ln_# winter storm days                

2392.22 11 0.62 0.035 storms 

5 male age + female age + even-odd + 

winter PDO (lag2)              

2392.33 11 0.73 0.033 climate cycles 

6 male age + female age + even-odd 

+late nest PRECIP            

2392.331 11 0.73 0.033 nesting season 
temperature and 

precipitation 

7 male age + female age + even-odd 

+winter SOI (lag2) + winter PDO 

(lag2) 

2392.53 12 0.93 0.030 climate cycles 

8 male age + female age + even-odd + # 

winter storm days                

2392.72 11 1.12 0.027 storms 

9  male age + female age +  even-odd          2392.78 10 1.18 0.026 Base model 

10 male age + female age + even-odd + 

ln_SNOW               

2392.78 11 1.18 0.026 snow 

       

OCR       

1 male age + female age + east-west + 

evenodd+ # winter storm days + # 

winter storm days 
2
      

2821.99 28 0.00 0.153 storms 

2 male age + female age + east-west + 

evenodd + early nest PRECIP + late 

nest PRECIP              

2822.79 28 0.79 0.103 nesting season 

temperature and 

precipitation 

3 male age + female age + east-west + 

evenodd + winter PRECIP + early nest 

PRECIP + late nest PRECIP             

2823.07 29 1.08 0.089 combined effects 

of temperature, 
precipitation, and 

storms in winter 

and nesting 
seasons 

4 male age + female age + east-west + 

evenodd +early nest PRECIP           

2824.56 27 2.57 0.042 nesting season 

temperature and 
precipitation 
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5 male age + female age + east-west + 

evenodd + ln_early nest PRECIP           

2825.06 27 3.06 0.033 nesting season 

temperature and 
precipitation 

6 male age + female age + east-west + 

evenodd + ln_winter PRECIP           

2825.38 27 3.39 0.028 winter temperature 
and precipitation 

7 male age + female age + east-west + 

evenodd + winter SOI (lag2) + winter 

PDO (lag2) 

2825.52 28 3.53 0.026 climate cycles 

8 male age + female age + east-west + 

evenodd + winter PDO(lag2) 

2825.60 27 3.60 0.025 climate cycles 

9 male age + female age + east-west + 

evenodd + ln_annual PRECIP                  

2825.72 27 3.72 0.024 primary 

productivity 

10 male age + female age + east-west + 

evenodd + ln_# winter storm days                

2825.79 27 3.80 0.023 storms 

11 male age + female age + east-west + 

evenodd + winter TMIN + winter 

PRECIP + early nest TMIN + early 

nest PRECIP + late nest TMIN + late 

nest PRECIP 

2825.89 32 3.90 0.022 combined effects 

of temperature, 

precipitation, and 
storms in winter 

and nesting 

seasons 

12 male age + female age + east-west + 

evenodd + winter PRECIP + winter 

PRECIP
2
           

2826.05 28 4.06 0.020 winter temperature 

and precipitation 

13 male age + female age + east-west + 

evenodd + winter PRECIP + early nest 

PRECIP          

2826.30 28 4.31 0.018 combined effects 
of temperature, 

precipitation, and 

storms in winter 
and nesting 

seasons 

14 male age + female age + east-west + 

evenodd + early nest PRECIP + early 

nest PRECIP
2
          

2826.36 28 4.37 0.017 nesting season 

temperature and 

precipitation 

15 male age + female age + east-west + 

evenodd + early nest TMIN + early 

nest PRECIP + late nest TMIN + late 

nest PRECIP 

2826.421 30 4.43 0.0167 nesting season 
temperature and 

precipitation 

16 male age + female age + east-west + 

evenodd + early nest TMIN + early 

nest PRECIP  

2826.443 28 4.45 0.0165 nesting season 
temperature and 

precipitation 

17 male age + female age + east-west + 

evenodd + winter PRECIP              

2826.51 27 4.52 0.016 winter temperature 
and precipitation 

18 male age + female age + east-west + 

evenodd + annual PDO (lag2) 

2826.51 27 4.52 0.016 climate cycles 

19 male age + female age + east-west + 

evenodd +  ln_# annual storm days 

2826.68 27 4.68 0.015 storms 

20 male age + female age + east-west + 

evenodd + annual PRECIP + annual 

PRECIP
2  

         

2826.80 28 4.81 0.014 primary 
productivity 

       

34 male age + female age + East-West + 

evenodd                                 

2828.20 26 6.21 0.007 Base model 

       

TYE       
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1 male age + female age + East-West +    

ln_early nest PRECIP             

2268.10 31 0.00 0.052 nesting season 

temperature and 
precipitation 

2 male age + female age + East-West + 

nesting PRECIP + # nesting season 

storm days   

2268.20 32 0.11 0.050 combined effects 

of temperature, 
precipitation, and 

storms in winter 

and nesting 
seasons 

3 male age + female age + East-West + 

late nest PRECIP + late nest PRECIP
2
       

2268.40 32 0.32 0.045 nesting season 

temperature and 
precipitation 

4 male age + female age + East-West +    

ln_winter PRECIP              

2268.50 31 0.34 0.044 winter temperature 
and precipitation 

5 male age + female age + East-West +  

nesting PRECIP 

2268.50 31 0.37 0.044 nesting season 

temperature and 
precipitation 

6 male age + female age + East-West +  

early nesting PRECIP 

2268.70 31 0.60 0.039 nesting season 

temperature and 
precipitation 

7 male age + female age + East-West +    

ln_nesting season PRECIP          

2268.80 31 0.68 0.037 nesting season 
temperature and 

precipitation 

8 male age + female age + East-West +    

ln_annual PRECIP 

2268.90 31 0.73 0.036 primary 

productivity 

9 male age + female age + East-West + 

annual PRECIP         

2269.30 31 1.18 0.029 primary 

productivity 

10 male age + female age + East-West + 

growing season PRECIP + growing 

season PRECIP
2
 

2269.40 32 1.25 0.028 primary 

productivity 

11 male age + female age + East-West + 

winter PRECIP + nesting PRECIP 

2269.50 32 1.34 0.027 combined effects 

of temperature, 
precipitation, and 

storms in winter 

and nesting 
seasons 

12 male age + female age + East-West + 

annual PDO (lag2) 

2269.50 31 1.41 0.026 climate cycles 

13 male age + female age + East-West + 

winter PRECIP + early nesting 

PRECIP 

2269.7 32 1.57 0.024 combined effects 

of temperature, 

precipitation, and 
storms in winter 

and nesting 

seasons 

14 male age + female age + East-West + 

late nesting PRECIP 

2269.70 31 1.58 0.024 nesting season 

temperature and 

precipitation 

15 male age + female age + East-West +  

winter PDO(lag2) 

2269.70 31 1.58 0.024 climate cycles 

16 male age + female age + East-West +  

early nesting PRECIP + early nesting 

PRECIP
2
 

2269.70 32 1.61 0.023 nesting season 
temperature and 

precipitation 
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17 male age + female age + East-West + 

early nesting PRECIP + late nesting 

PRECIP 

2269.80 32 1.64 0.023 nesting season 

temperature and 
precipitation 

18 male age + female age + East-West + 

winter PRECIP            

2269.90 31 1.82 0.021 winter temperature 
and precipitation 

19 male age + female age + East-West + 

winter PRECIP + early nesting 

PRECIP 

2269.70 32 1.57 0.024 combined effects 

of temperature, 

precipitation, and 
storms in winter 

and nesting 

seasons 

20 male age + female age + East-West + 

winter PRECIP      

2269.9 31 1.81796 0.0211 winter temperature 

and precipitation 

       

24 male age + female age + East-West + 

evenodd                  

2270.70 31 2.57 0.015 Base model 

       

CAS       

1 male age + female age + evenodd + 

annual PRECIP + annual PRECIP
2
     

2255.52 24 0.00 0.146 primary 

productivity 

2 male age + female age + evenodd + 

growing season PRECIP 

2255.77 23 0.25 0.129 primary 
productivity 

3 male age + female age + evenodd + 

dispersal PDSI                

2256.76 23 1.24 0.079 primary 

productivity 

4 male age + female age + evenodd + 

growing season PRECIP + growing 

season PRECIP
2
 

2257.05 24 1.53 0.068 primary 
productivity 

5 male age + female age + evenodd  + 

late nest PRECIP + late nest PRECIP
2
 

2257.07 24 1.55 0.067 nesting season 

temperature and 
precipitation 

6 male age + female age + evenodd + 

growing season PRECIP + summer 

TMAX 

2257.758 24 2.24 0.0477 primary 
productivity 

7 male age + female age + evenodd + 

growing season PDSI 

2257.762 23 2.24 0.0476 primary 

productivity 

8 male age + female age + evenodd + 

growing season PDSI (lag1) 

2257.762 23 2.24 0.0476 primary 
productivity 

9 male age + female age + evenodd + 

ln_growing season PRECIP 

2257.884 23 2.37 0.0448 primary 

productivity 

10 male age + female age + evenodd  + 

winter PRECIP + winter PRECIP
2 
          

2258.11 24 2.59 0.040 winter temperature 
and precipitation 

11 male age + female age + evenodd + late 

nest PRECIP       

2259.58 23 4.07 0.019 nesting season 

temperature and 

precipitation 

12 male age + female age + evenodd  + # 

winter storm days          

2260.03 23 4.52 0.015 storms 

13 male age + female age + evenodd + 

winter PRECIP + # winter storm days 

2260.30 24 4.78 0.013 combined effects 
of temperature, 

precipitation, and 

storms in winter 
and nesting 

seasons 
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14 male age + female age + evenodd  + 

dispersal PRECIP 

2260.341 23 5 0.01 primary 

productivity 

15 male age + female age + evenodd  + # 

nesting season storm days + # nesting 

season storm days
2
 

2260.647 22 5 0.01 storms 

16 male age + female age + evenodd  + 

annual PDO(lag1) + annual SOI (lag1) 

2260.68 24 5.16 0.011 climate cycles 

17 male age + female age + evenodd  + 

winter PRECIP      

2260.69 23 5.18 0.011 winter temperature 
and precipitation 

18 male age + female age+ evenodd  + 

ln_dispersal PRECIP 

2260.73 23 5.21 0.011 primary 

productivity 

19 male age + female age + evenodd  + 

dispersal PRECIP + dispersal TMAX 

2261.14 24 5.62 0.009 primary 
productivity 

       

39   male age + female age +evenodd                        2262.98 22 7.46 0.004 base model 

       

Meta-analysis      

       

1 male age + female age 

+area+BO+area*BO+snow+snow
2
 

13109.29 24 0.000 0.097 snow 

2 male age + female age 

+area+BO+area*BO+summer TMAX 

+dispersal TMAX 

13116.60 25 7.310 0.025 primary 

productivity 

3 male age + female age 

+area+BO+area*BO+summer TMAX 

13123.70 24 14.414 0.001 primary 
productivity 

4 male age + female age 

+area+BO+area*BO+growing season 

PRECIP + summer TMAX 

13125.71 24 16.424 0.000 primary 

productivity 

5 male age + female age 

+area+BO+area*BO+ln_annual PRECIP 

13131.88 23 22.597 0.000 primary 

productivity 

6 male age + female age +area +bo+ 

bo*area +evenodd 

13132.70 23 23.410 0.000 base model 

7 male age + female age 

+area+BO+area*BO+# days > 32˚ C 

13134.67 23 25.383 0.000 primary 

productivity 

8 male age + female age 

+area+BO+area*BO+ln_winter PRECIP 

13136.46 23 27.170 0.000 winter 

9 male age + female age 

+area+BO+area*BO+ln_ebp+ln_late 

nesting PRECIP 

13136.60 24 27.314 0.000 nest 

10 male age + female age 

+area+BO+area*BO+ln_early nesting 

PRECIP 

13136.80 23 27.513 0.000 nest 
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Appendix H.  Year-specific parameter estimates for λ RJS, apparent annual survival, and 

recruitment of northern spotted owls on 6 study areas in Washington and Oregon from 

reverse time CMR models using the survival and recruitment parameterization.  1990-

2005. Lamba is a derived parameter estimate. Estimates are from top model rather than 

model averaged parameter estimates. 
 

                            

Relative 

contribution to λ 

(seniority) 

  year λ SE LCI UCI φ SE LCI UCI f SE LCI UCI φ f 

OLY 

male 1990 

    

0.89 0.03 0.83 0.93 0.11 0.04 0.05 0.23 

   1991 1.00 0.02 0.95 1.04 0.88 0.02 0.83 0.91 0.12 0.02 0.08 0.17 

   1992 0.95 0.04 0.88 1.02 0.87 0.03 0.79 0.92 0.08 0.03 0.04 0.17 0.880 0.12 

 1993 1.09 0.03 1.04 1.15 0.92 0.01 0.89 0.95 0.17 0.03 0.11 0.25 0.912 0.09 

 1994 0.78 0.03 0.72 0.84 0.74 0.03 0.67 0.80 0.04 0.02 0.02 0.09 0.843 0.16 

 1995 1.20 0.05 1.10 1.30 0.91 0.02 0.88 0.94 0.28 0.06 0.18 0.43 0.946 0.05 

 1996 0.89 0.02 0.85 0.92 0.87 0.02 0.83 0.91 0.02 0.01 0.01 0.05 0.763 0.24 

 1997 1.10 0.03 1.05 1.16 0.97 0.01 0.93 0.99 0.13 0.03 0.09 0.21 0.981 0.02 

 1998 0.68 0.04 0.60 0.75 0.66 0.05 0.56 0.75 0.02 0.01 0.01 0.05 0.878 0.12 

 1999 1.23 0.06 1.11 1.35 0.95 0.01 0.92 0.98 0.28 0.08 0.15 0.44 0.974 0.03 

 2000 1.00 0.03 0.94 1.06 0.90 0.02 0.86 0.92 0.10 0.04 0.05 0.20 0.776 0.22 

 2001 0.84 0.03 0.79 0.89 0.82 0.03 0.75 0.87 0.02 0.01 0.00 0.05 0.898 0.10 

 2002 

    

0.81 0.03 0.73 0.87 0.01 0.01 0.00 0.03 0.982 0.02 

 

               OLY 

female 1990 

    

0.87 0.03 0.80 0.91 0.11 0.04 0.05 0.23 

   1991 0.97 0.03 0.92 1.02 0.85 0.02 0.80 0.89 0.12 0.02 0.08 0.17 

   1992 0.92 0.04 0.85 1.00 0.84 0.04 0.76 0.90 0.08 0.03 0.04 0.17 0.877 0.12 

 1993 1.08 0.03 1.02 1.13 0.90 0.02 0.86 0.93 0.17 0.03 0.11 0.25 0.910 0.09 

 1994 0.74 0.03 0.68 0.80 0.70 0.04 0.62 0.76 0.04 0.02 0.02 0.09 0.840 0.16 

 1995 1.18 0.05 1.08 1.28 0.90 0.02 0.86 0.93 0.28 0.06 0.18 0.43 0.943 0.06 

 1996 0.86 0.02 0.82 0.90 0.85 0.02 0.79 0.89 0.02 0.01 0.01 0.05 0.759 0.24 

 1997 1.10 0.03 1.04 1.15 0.96 0.02 0.91 0.99 0.13 0.03 0.09 0.21 0.981 0.02 

 1998 0.63 0.04 0.55 0.71 0.61 0.05 0.51 0.70 0.02 0.01 0.01 0.05 0.877 0.12 

 1999 1.22 0.06 1.10 1.34 0.94 0.02 0.90 0.97 0.28 0.08 0.15 0.44 0.972 0.03 

 2000 0.98 0.03 0.92 1.04 0.88 0.02 0.84 0.91 0.10 0.04 0.05 0.20 0.774 0.23 

 2001 0.80 0.03 0.75 0.86 0.79 0.03 0.71 0.85 0.02 0.01 0.00 0.05 0.896 0.10 

 2002 

    

0.77 0.04 0.69 0.84 0.01 0.01 0.00 0.03 0.981 0.02 

 

               

                CLE 1992 0.98 0.02 0.93 1.02 0.75 0.04 0.66 0.81 0.08 0.01 0.05 0.11 

  

 

1993 0.94 0.04 0.87 1.01 0.84 0.02 0.81 0.88 0.13 0.02 0.09 0.18 

  

 

1994 0.90 0.04 0.83 0.97 0.81 0.03 0.74 0.86 0.13 0.02 0.09 0.19 0.87 0.13 

 

1995 0.96 0.02 0.91 1.00 0.83 0.03 0.75 0.89 0.06 0.02 0.04 0.10 0.86 0.14 

 

1996 0.93 0.03 0.88 0.98 0.87 0.02 0.83 0.91 0.08 0.01 0.06 0.11 0.93 0.07 

 

1997 1.04 0.03 0.97 1.10 0.88 0.02 0.83 0.91 0.06 0.02 0.03 0.10 0.91 0.09 

 

1998 0.89 0.03 0.83 0.95 0.90 0.02 0.84 0.94 0.13 0.02 0.09 0.19 0.94 0.06 
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1999 0.93 0.03 0.88 0.99 0.77 0.03 0.71 0.83 0.11 0.02 0.09 0.15 0.87 0.13 

 

2000 0.85 0.06 0.74 0.97 0.81 0.03 0.75 0.86 0.12 0.02 0.09 0.16 0.87 0.13 

 

2001 0.87 0.05 0.77 0.96 0.73 0.06 0.61 0.83 0.12 0.02 0.09 0.17 0.87 0.13 

 

2002 0.91 0.03 0.85 0.98 0.79 0.05 0.67 0.87 0.08 0.01 0.06 0.11 0.85 0.15 

 

2003 

    

0.85 0.03 0.79 0.90 0.06 0.02 0.03 0.10 0.91 0.09 

 

2004 

    

0.85 0.03 0.78 0.90 0.05 0.02 0.02 0.10 0.93 0.07 

                HJA 1990 1.07 0.02 1.02 1.12 0.89 0.01 0.87 0.90 0.20 0.04 0.13 0.29 

  

 

1991 0.90 0.03 0.84 0.95 0.89 0.01 0.87 0.91 0.18 0.03 0.13 0.25 

  

 

1992 1.04 0.01 1.01 1.06 0.79 0.03 0.72 0.85 0.10 0.01 0.08 0.13 0.83 0.17 

 

1993 0.95 0.02 0.92 0.98 0.93 0.01 0.89 0.95 0.11 0.01 0.09 0.14 0.88 0.12 

 

1994 0.96 0.01 0.94 0.99 0.90 0.01 0.87 0.91 0.05 0.02 0.03 0.10 0.89 0.11 

 

1995 0.98 0.02 0.95 1.02 0.91 0.01 0.88 0.93 0.06 0.01 0.04 0.08 0.94 0.06 

 

1996 0.97 0.01 0.95 0.99 0.84 0.02 0.81 0.87 0.14 0.02 0.11 0.18 0.94 0.06 

 

1997 0.96 0.01 0.93 0.98 0.90 0.01 0.88 0.92 0.07 0.01 0.05 0.09 0.86 0.14 

 

1998 1.00 0.01 0.97 1.02 0.89 0.01 0.87 0.91 0.07 0.02 0.04 0.11 0.93 0.07 

 

1999 0.96 0.01 0.93 0.98 0.91 0.01 0.88 0.93 0.09 0.02 0.06 0.12 0.93 0.07 

 

2000 0.95 0.02 0.92 0.98 0.86 0.01 0.84 0.88 0.09 0.01 0.07 0.12 0.91 0.09 

 

2001 0.87 0.01 0.85 0.89 0.85 0.01 0.82 0.87 0.09 0.02 0.07 0.13 0.91 0.09 

 

2002 0.91 0.01 0.89 0.93 0.86 0.01 0.84 0.88 0.01 0.00 0.00 0.02 0.90 0.10 

 

2003 

    

0.90 0.01 0.88 0.92 0.01 0.00 0.00 0.02 0.99 0.01 

 

2004 

    

0.83 0.02 0.79 0.86 0.00 0.00 0.00 0.01 0.99 0.01 

                

  

    

          OCR 1992 1.11 0.02 1.07 1.16 0.83 0.04 0.75 0.89 0.11 0.02 0.08 0.16   

 

1993 0.94 0.02 0.91 0.98 0.92 0.02 0.87 0.96 0.19 0.03 0.13 0.27   

 

1994 1.12 0.03 1.06 1.18 0.86 0.02 0.80 0.90 0.09 0.02 0.05 0.14 0.83 0.17 

 

1995 0.98 0.02 0.95 1.01 0.91 0.02 0.87 0.94 0.21 0.04 0.14 0.31 0.91 0.09 

 

1996 1.00 0.01 0.98 1.03 0.90 0.02 0.86 0.93 0.08 0.02 0.05 0.12 0.81 0.19 

 

1997 0.92 0.01 0.90 0.95 0.89 0.02 0.84 0.92 0.12 0.01 0.09 0.14 0.92 0.08 

 

1998 0.94 0.02 0.91 0.98 0.86 0.01 0.83 0.88 0.07 0.01 0.05 0.10 0.88 0.12 

 

1999 0.92 0.01 0.89 0.94 0.84 0.03 0.78 0.89 0.10 0.01 0.08 0.13 0.93 0.07 

 

2000 0.96 0.02 0.91 1.00 0.84 0.02 0.79 0.87 0.08 0.01 0.06 0.11 0.89 0.11 

 

2001 0.92 0.02 0.88 0.95 0.88 0.03 0.80 0.93 0.08 0.02 0.05 0.13 0.91 0.09 

 

2002 0.88 0.02 0.85 0.91 0.85 0.02 0.80 0.88 0.07 0.02 0.04 0.11 0.92 0.08 

 

2003     0.84 0.03 0.78 0.88 0.04 0.01 0.02 0.07 0.92 0.08 

 

2004 

    

0.83 0.03 0.76 0.88 0.02 0.01 0.01 0.05 0.95 0.05 

  

    

          TYE 1990 1.07 0.04 1.00 1.14 0.87 0.01 0.85 0.88 0.24 0.05 0.16 0.34   

 

1991 1.01 0.03 0.95 1.08 0.84 0.02 0.80 0.87 0.23 0.04 0.16 0.31   

 

1992 1.02 0.02 0.97 1.06 0.83 0.02 0.79 0.86 0.19 0.03 0.13 0.27 0.78 0.22 

 

1993 0.95 0.02 0.91 0.98 0.86 0.01 0.84 0.89 0.15 0.02 0.11 0.21 0.81 0.19 

 

1994 0.95 0.03 0.90 1.00 0.88 0.02 0.84 0.90 0.07 0.01 0.05 0.10 0.85 0.15 

 

1995 1.00 0.02 0.96 1.03 0.82 0.02 0.78 0.86 0.12 0.02 0.08 0.18 0.92 0.08 

 

1996 1.01 0.02 0.98 1.05 0.90 0.01 0.86 0.92 0.10 0.02 0.07 0.14 0.87 0.13 

 

1997 0.96 0.02 0.92 1.00 0.89 0.01 0.86 0.91 0.12 0.02 0.09 0.16 0.90 0.10 

 

1998 0.96 0.02 0.92 0.99 0.84 0.02 0.80 0.88 0.12 0.01 0.09 0.15 0.88 0.12 



299 

 

 

 

 

1999 1.07 0.02 1.02 1.11 0.90 0.02 0.86 0.92 0.06 0.01 0.04 0.09 0.88 0.12 

 

2000 1.05 0.02 1.01 1.10 0.87 0.02 0.84 0.90 0.19 0.02 0.15 0.24 0.94 0.06 

 

2001 0.94 0.02 0.91 0.98 0.88 0.01 0.86 0.91 0.17 0.02 0.13 0.23 0.82 0.18 

 

2002 0.92 0.01 0.90 0.95 0.84 0.02 0.81 0.87 0.10 0.02 0.07 0.14 0.84 0.16 

 

2003 

    

0.87 0.01 0.84 0.89 0.06 0.01 0.03 0.09 0.89 0.11 

 

2004 

    

0.88 0.01 0.86 0.90 0.02 0.01 0.01 0.04 0.94 0.06 

  

    

          CAS 1992 0.94 0.02 0.91 0.98 0.83 0.01 0.80 0.85 0.02 0.02 0.00 0.10   

 

1993 0.82 0.01 0.79 0.85 0.92 0.02 0.86 0.95 0.03 0.02 0.01 0.09   

 

1994 1.11 0.04 1.04 1.18 0.80 0.02 0.76 0.84 0.02 0.01 0.01 0.05 0.97 0.03 

 

1995 0.81 0.02 0.77 0.85 0.90 0.02 0.86 0.93 0.21 0.05 0.13 0.32 0.98 0.02 

 

1996 1.23 0.07 1.09 1.36 0.78 0.02 0.73 0.83 0.02 0.01 0.01 0.07 0.81 0.19 

 

1997 0.91 0.04 0.82 0.99 0.92 0.02 0.87 0.95 0.31 0.09 0.16 0.50 0.97 0.03 

 

1998 1.04 0.04 0.97 1.11 0.79 0.02 0.75 0.83 0.11 0.05 0.04 0.27 0.75 0.25 

 

1999 1.16 0.07 1.04 1.29 0.88 0.02 0.85 0.91 0.16 0.05 0.08 0.28 0.88 0.12 

 

2000 0.91 0.02 0.87 0.95 0.90 0.02 0.85 0.93 0.27 0.09 0.13 0.47 0.85 0.15 

 

2001 0.90 0.03 0.84 0.97 0.85 0.01 0.82 0.87 0.06 0.03 0.03 0.13 0.77 0.23 

 

2002 0.81 0.02 0.78 0.84 0.78 0.02 0.73 0.83 0.12 0.04 0.06 0.22 0.93 0.07 

 

2003     0.79 0.02 0.75 0.83 0.02 0.01 0.00 0.05 0.87 0.13 

 

2004 

    

0.84 0.01 0.82 0.87 0.01 0.01 0.00 0.04 0.98 0.02 
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