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ABSTRACT 

Maintaining avian diversity in forest ecosystems have been shown to afford many 

benefits for forest health and productivity. However, alterations to the historical 

disturbance regimes within hemiboreal forests have impacted bird communities, and the 

ability of landscapes to meet the ecological needs of breeding forest birds has become a 

growing concern. As changes in forest landscapes continue, landscape effects may 

become increasingly important drivers of population dynamics for forest bird species. 

This dissertation includes a combination of experimental, theoretical, and applied 

research to assess the influence of habitat, landscape, community composition, and life 

history traits on population dynamics of forest birds. This research aids in identifying 

mechanisms associated with species population dynamics which is critical for 

understanding long term population trends and factors that contribute to species 

persistence and maintenance of biodiversity.  
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CHAPTER 1 

AVIAN BIODIVERSITY IN BOREAL FORESTS 

SUMMARY 

The rate at which climate is changing in northern latitudes presents a significant threat to 

bird populations that rely on boreal forests. Alterations in the distributions of trees and 

other plants as a result of warming will alter the habitat suitability of vast regions of 

boreal and hemiboreal forests. Climate change associated habitat alterations along with 

range expansions of bird species are likely to have substantial consequences on avian 

communities and biodiversity. Identifying factors that contribute to species coexistence 

and community assembly processes at local and regional scales will facilitate predictions 

about the impact of climate change on avian communities in the boreal forest ecosystems. 

This paper provides a comprehensive review of historic and current theories of 

community ecology dynamics providing a theoretical synthesis that links the evolution of 

species traits at the individual level, the dynamics of species interactions, and the overall 

maintenance of biodiversity. Integration of these perspectives is necessary to provide the 

scientific means to face growing environmental challenges in boreal ecosystems.  

Keywords: avian, biodiversity, metacommunity, metapopulation, hemiboreal, boreal, 

forests 
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INTRODUCTION 

The global climate system is being altered by anthropogenic emissions of carbon 

dioxide and other greenhouse gases (IPCC 2001). This has resulted in increasing 

temperatures worldwide, particularly at northern latitudes (IPCC 2014). The pace of 

global climate change is expected to accelerate in the coming century as atmospheric 

concentrations of greenhouse gases continue to increase. It is generally accepted that 

mean global temperatures are increasing and that the largest temperature increases from 

climate change are currently found in the boreal forests (Hansen et al. 1996, Balling et 

al.1998, Serreze et al. 2000, IPCC 2014). Boreal forests covers over 1.2 billion hectares 

(Stocks and Lynham 1996). Two-thirds of the boreal and hemiboreal forests are located 

in Eurasia, the remaining third is located primarily in Canada and Alaska (Hare and 

Ritchie 1972), boreal forests also occur in the Great Lakes region and throughout 

northern Minnesota (Grant 1934, Maycock and Curtis 1960, Stearns et al. 1982). 

North America’s boreal and hemiboreal forests are highly diverse consisting of a 

mosaic of patches created by a series of disturbances, with the structure and composition 

of those patches changing over time (Eberhart and Woodard 1987, Lee et al. 1998). 

These processes have resulted in one of the richest and most diverse avifaunas of any 

forest type in North America (Smith 1993, Schieck et al. 1995, Kirk et al. 1996). There is 

strong scientific evidence that biologically diverse ecosystems will be better able to 

withstand some of the impacts of climate change (Chapin et al. 1996, Naeem et al. 1999, 

Luck et al. 2003, Folke et al. 2004). However, conserving biodiversity at multiple scales 

and maintaining ecological function and processes in the face of climate change pose a 
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significant challenge for scientists. Further, while substantial understanding regarding the 

importance of biodiversity exists, our knowledge is still limited. More information about 

underlying mechanisms that influence and maintain biodiversity is needed to gain a 

complete understanding of the ecological role of boreal avian communities and to better 

predict the consequences of climate change in boreal forests. Applying community and 

metacommunity theory can aid in our understanding of community structure and predict 

consequences of change at local and regional scales.  

Evidence of the change of landscapes in boreal forests due to changes in climate 

is growing (Soja et al. 2006). Predicted keystone indicators of initial change demonstrate 

that alterations in ecosystems are currently underway and the warming and the effects of 

warming are more rapid than predicted in some areas (IPCC 2007). Soja et al. (2006) 

suggest that there is substantial evidence to conclude that the boreal terrestrial 

environment has already responded to the transient effects of climate change. Specific 

ecological indicators of climate related change in boreal forests include an overall 

increase in fire regimes, an increase in insect infestation, and stand- and landscape-scale 

alteration of the mosaic composition of forests such as age, structure and species 

composition (Mattson and Haack 1987, Overpeck et al. 1990, Fleming et al. 2002). 

Impacts of climate change are cumulative and interconnected. For example, current forest 

species composition may be altered directly through changes in climate or indirectly 

through wildfire and infestation disturbance (Weber and Flannigan 1997, Dale et al. 

2001). The ecological impacts associated with climate change do not exist in isolation but 

combine with and exacerbate other stresses on natural systems. Leading threats to 
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biodiversity include habitat destruction, habitat fragmentation, and alteration of 

ecological processes such as the spread of invasive species and the emergence of new 

pathogens (Wilcove et al. 1998). Further, shifts in species’ distributions may result in the 

rapid development of novel species assemblages that challenge the capacity of species to 

co-exist and adapt (Stralberg et al. 2009). The resilience of many ecosystems are already 

compromised by traditional stressors and changes in climate will likely exacerbate these 

issues in potentially unpredictable ways.  

Because the boreal and hemiboreal forests are already experiencing significant 

ecological changes, boreal birds are especially vulnerable to the effects climate change 

(Virkkala et al. 2008). For example, long-distance migrant birds may arrive too late to 

take advantage of the increasingly earlier peak of insect abundance and, as a result, may 

not have enough food to feed their young (Crick 2004). Further, the changing 

distributions of trees and other plants as a result of warming will alter the habitat 

suitability of vast regions of the boreal to birds, whose populations may decrease (Niemi 

et al. 1998). Climate change associated habitat changes and range expansions of bird 

species are likely to have substantial consequences on avian communities. Species that 

have recently diverged and/or have high levels of habitat or niche specificity may be less 

able to adapt in the changing environment. Identifying factors that contribute to species 

coexistence and community assembly processes at local and regional scales will help 

make predictions about the impact of climate change on avian biodiversity in the boreal 

forest ecosystems. The answers to these questions will provide information critical to the 
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development of management strategies that will protect ecological function and protect 

biological diversity.  

Community ecology focuses on the explanation of distribution patterns, 

abundance, and interaction of species. Such patterns occur at different spatial scales and 

can vary with the scale of observation (e.g., Levin 1992, Chase and Leibold 2002). 

However, much of community theory has historically focused on a single scale, implying 

that local communities are closed and isolated. An ecological metacommunity is a set of 

interacting communities which are linked by the dispersal of multiple, potentially 

interacting species. Metacommunity theory can be used to explain patterns of species 

distribution, abundance and interactions of organisms at local as well as regional scales 

that are larger than those addressed by more conventional community theory (Leibold et 

al. 2004). When applied to empirical data, metacommunity theory can be used to 

determine how community dynamics change with increasing habitat loss and 

fragmentation, factors that contribute to biodiversity on local and regional scales, and can 

be used to make predictions about biodiversity in changing environments. The results of 

these types of analyses have significant consequences for habitat and biodiversity 

associated conservation efforts in boreal forest ecosystems.  

This paper provides a comprehensive review of historic and current theories of 

community ecology dynamics providing a theoretical synthesis that links the evolution of 

species traits, dynamics of species interactions, and the overall maintenance of 

biodiversity. Specifically, this paper will: 1.) review mechanisms of species coexistence 

and community assemblages; 2.) summarize current metacommunity theory; and 3.) 
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discuss considerations for applying metacommunity theory and conservation 

implications. Integration of these perspectives is necessary to provide the scientific means 

to face growing environmental challenges in boreal ecosystems and provide information 

for management decisions and the protection of biological diversity on multiple scales 

with an emphasis on managing for ecological function and resilience.  

MECHANISMS FOR SPECIES COEXISTENCE AND COMMUNITY 

ASSEMBLAGES 

Mechanisms of Species Coexistence 

Understanding niche ecology and mechanisms of species coexistence is critical to 

understanding factors that influence the maintenance of biodiversity at local and regional 

scales. The niche concept was first proposed by Grinnell (1917) and popularized by Elton 

(1927) and Hutchinson (1957). While the term has been defined in a variety of ways, 

Hanski (2005) defines niche as “the functional relationships of species to the living (e.g., 

food and predators) and non-living parts (e.g., temperature and soil properties) of their 

environment”. The factors that contribute to niche differentiation and therefore species 

co-occurrence and community assembly have long been studied in a variety of systems 

(Armstrong and McGehee 1980, Hutchinson 1959, Leibold 1995, Hanski and Koskela 

1977). For example, MacArthur’s (1957) research demonstrated the principle of 

competitive exclusion in warbler species. This study is a classic example of how 

competition may drive niche differentiation where two or more species may partition 

resources so that one species does not out-compete the other. Thus, niche differentiation 

is the basis for coexistence under the MacArthur model of competition.   
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Niche differentiation is a process which occurs through several different modes 

and on multiple temporal and spatial scales. Often niche differentiation results in 

morphological and behavioral adaptations that allow closely related species to partition 

resources in such a way that reduces competition. In general, there are three types of 

differential resource utilization:  1) temporal resource partitioning (behavioral adaptation) 

in which two species eliminate direct competition by utilizing the same resource at 

different times (Kronfeld-Schor and Dayan 1999), 2)  spatial partitioning in which two 

competing species use the same resource by occupying different areas or habitats within 

the range of occurrence of the resource (behavioral and/or ecomorpholgical adaptation) 

(MacArthur 1957) and 3)  morphological differentiation (ecomorpholgical adaptation) in 

which two competing species evolve differing morphologies allowing them to use a 

resource in different ways (Pyke 1982, Niemi 1985). 

Species evolution also involves the evolution of the species’ niche. To a certain 

degree niche evolution can be predicted based on knowledge of the environment and 

morphological or behavioral adaptations that influence resource utilization of individual 

species. Over evolutionary time, niches tend to narrow due to the effects of interspecific 

competition and intraspecific optimization (Levin 1992). Consequently, niche widening 

often occurs when the species is released from interspecific competition. This feedback 

between adaptations and interspecific competition can lead to coevolution between 

species and their environment and the evolution of whole ecological communities (Levin 

1992). 
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Interspecific competition theory predicts that niches of closely related species will 

be different in at least some aspect to eliminate or minimizes their use of the same 

resources. However, intraspecific competition can also influence niche differentiation 

processes. For example, the Lotka-Volterra equation predicts that two competing species 

can coexist when intraspecific competition is greater than interspecific competition 

(Armstrong and McGehee 1980). Therefore, because niche differentiation concentrates 

intraspecific competition by decreasing between-species competition, the Lotka-Volterra 

model predicts that niche differentiation of any degree will result in coexistence. 

However, this still leaves the question of how much differentiation is needed for 

coexistence (Hutchinson 1959). There are limits to the amount of niche differentiation 

required for coexistence, and this can vary with the type of resource, the nature of the 

environment, and the amount of variation both within and between the species.   

In most cases the process of niche differentiation has created a relationship 

between two species where current competition is small or non-existent. Because of this, 

the presence of niche differentiation can be methodologically difficult to prove or 

disprove. The lack of evidence for current or past competition can blur the line between 

1) two non-competing species which occupy similar niches as opposed to 2) two 

competitive species differentiating their niches to allow coexistence. In fact Connell 

(1980) coined the phrase “ghost of competition past” to stress that interspecific 

competition, acting as an evolutionary force in the past, has often left its mark on the 

behavior, distribution, or morphology of species, even when there is no present-day 

competition between the species. 



 

 9 

By studying niche differentiation processes of closely related species the issue of 

“ghosts of competition past” can be at least partially addressed because of the preliminary 

ecological similarity that results from the inheritance of niche-related traits from a 

common ancestor. Therefore, the concept of phylogenetic niche conservation which 

predicts closely related species have similar niche ecology due to common ancestry and 

will not coexists due to competition processes (Lovette and Hochachka 2006) can be 

applied as a basis for testing hypotheses about the niche differentiation processes between 

closely related species. For example, high levels of intraspecific competition can, over 

time, lead to either competitive exclusion (spatial resource partitioning) or ecological 

(behavioral and morphological) differentiation that results in speciation (Webb et al. 

2002). Over evolutionary time interspecific competition, divergent selection, and 

reproductive isolation may cause the erosion of phylogenetic niche conservation. 

Species can locally coexist due to factors other than niche differentiation. Some 

competing species have been shown to coexist on the same resource with no observable 

evidence of niche differentiation. For example, Strong (1982) found no evidence of niche 

segregation or exclusion in a group of coexisting hispine beetle species that eat the same 

food and occupy the same habitat. Strong (1982) attributed the coexistence of these 

beetles to a combination of non-limiting food and habitat resources. Another factor that 

can contribute to species coexistence suggested by Scheffer and Nes (2006) is “being 

sufficiently similar (to other species)”. In this study, a model based on competition theory 

was used to demonstrate the tendency for evolutionary emergence of similar species 

along a niche axis where clusters of “look-a-likes” may emerge spontaneously from 
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coevolution of competitors (Scheffer and Nes 2006). This model suggests in “species-

poor” communities sympatric speciation and invasion of open niches is possible, and 

“species-saturated” communities may be characterized by convergent evolution and 

invasion by “look-a-likes” (Roelke and Eldridge 2008, Scheffer and Nes 2006). Here the 

“look-a-like” competitors or species clusters, facilitate each other indirectly by 

suppressing a common competitor (Scheffer and Nes 2006) and have the same ecological 

function of a single species in classical ecological models.  

Stochastic population dynamic processes that occur across spatial and temporal 

scales are also thought to contribute to species coexistence in some systems. Several 

recent non-equilibrium theories have revealed various mechanisms for maintaining 

ecologically similar species in a community. Bell (2000) and Hubbell (2001) have 

proposed the concept of neutral community models; here demographic stochasticity 

maintains diversity of ecologically equivalent species in a constant environment over 

time through the balance of speciation and extinction. Additionally, species-specific 

environmental stochasticity may allow ecologically similar species to coexist indefinitely 

on the same resource (Bell 2000, Hubbell 2001).   

While niche differentiation is not obligatory for species coexistence, niche must 

be defined and studied to explore alternative factors of coexistence mentioned above. 

Ecological quantification of niches is achieved through a combination of detailed natural 

history studies, controlled experiments to determine degree of competition, and 

mathematical models (Strong 1982, Leibold 1995). Data must be collected on species co-

occurrence, the nature of species interactions, how the species use their resources, and the 
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type of habitat they occupy. Additionally, mathematical models can be used to quantify 

niche breadth, competition, and coexistence (Bastolla et al. 2005). Regardless of methods 

used, niches and competition can be distinctly difficult to measure quantitatively, and this 

makes detection and demonstration of niche differentiation difficult and complex. 

However, niche differentiation and other processes that contribute to species coexistence 

contribute to our understanding of biodiversity. Therefore, understanding niche ecology 

and species coexistence is a critical concept to aid management decisions and achieve 

effective conservation. 

Mechanisms of Community Assembly 

Environmental and biotic factors regulate species abundance, composition, 

diversity, and stability of ecological communities. Local and regional community 

assemblages of species are based on ecological requirements and adaptations, patterns in 

resource availability, and combined with evolutionary histories (Ricklefs 1987). 

Competitive interactions, niche differentiation, population and resource dynamics, and 

habitat and landscape characteristics contribute to species assemblages in a community. 

Diamond (1975) proposed a set of controversial community assembly rules which assert 

that competition is responsible for determining the patterns of assemblage composition. 

In fact, competition has long been assumed to be the main force in structuring bird 

communities and influencing community dynamics. The assembly rules predict that 

competition selects for those species best able to coexist in a particular habitat from a 

larger pool of potential species candidates for a community. Alternatively, Hubbell 

(2001) suggests community assembly is dictated by random processes of species 
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dispersal. Overall, niche theory emphasizes species-specific differences in explaining 

patterns in community organization and biodiversity, while neutral theory emphasizes 

stochastic drift. Both views have gained support from empirical studies (Drake 1991, 

Chase 2003).    

Open and closed communities are extremes on the variety of possible community 

assemblages along environmental gradients. In open communities, species are arranged 

independently according to their particular ecological requirements along environmental 

gradients (e.g., forest age, moisture) (Gleason 1926, Wiens 1990). In general, open 

communities are a stochastic assemblage of essentially noncompeting species, where 

ecological requirements are the drivers of species occurrence. Closed communities are 

distinct sets of species that have similar geographic ranges and density peaks. These 

species occupy specific habitats with breaks between habitats called ecotones. Closed 

communities are thought to be stable combinations of species that separate themselves 

from a pool of possible colonists and competitors.   

In closed communities, productivity, stability, and resistance to invasion are 

thought to increase with evolutionary adaptation of species. In the closed community 

view, competition for limited resources and therefore resource availability structures the 

local composition of species. For example, nectar-feeding birds coexist in predictable, but 

often temporary, assemblages around nectar resources. Wolf (1976) showed 

hummingbird species in Costa Rica were predictably assembled with the following 

species “types”: 1.) an aggressive species that controlled access to clusters of “nectar 

rich” flowers; 2.) a long-billed, large, non-territorial species that visited scattered nectar 
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rich flowers; 3.) a short-billed, small, non-territorial species that visited small flowers 

containing small amounts of nectar; and 4.) a small sharp-billed bird that stole nectar 

from undefended flowers by piercing the base of the flower.    

Breeding birds in upland forest stands of southern Wisconsin are an example of 

open community assemblages in unstable habitats (Bond 1957). In this landscape, 

habitats range from open, dry, deciduous forests dominated by black oak, to wet forests 

dominated by sugar maple trees. Breeding birds in these habitats have specific 

preferences and choose their habitats accordingly. For example, Black-capped 

Chickadees occur in the dry forests, Red-eyed Vireos are more common in wet forests, 

and American Redstarts are most common in intermediate forest types.   

Habitat disturbance, fluctuating resources, on-going colonizations and local 

extinctions impose short-term changes on avian communities. In addition, deforestation 

and the alteration of the mosaic composition of forests transform the landscape into 

patchworks of chronically unstable and unsaturated habitats. New or unstable habitats 

invite opportunistic use by birds and invasion by exotic or introduced species. Some 

communities, therefore, lack predictable structure and instead may be random collections 

of species or open communities. Anthropomorphic disturbances and natural disturbances 

that occur across the landscape, such as localized burns and logging, result in a mosaic of 

unstable habitats. The local communities that occupy these types of habitats tend to be 

dynamic, open communities rather than self-perpetuating systems at equilibrium.   

An important question in community ecology is to what extent competition and 

niche ecology can or cannot be overlooked when explaining community composition. 
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While the application of niche theory to test hypotheses about community assemblages is 

a useful exercise, addressing the role of stochasticity, phylogeny, behavioral, and 

ecomorphological adaptations are essential to fully understand the system.  Neutral 

models and resource partitioning models are common approaches used to test hypotheses 

about community assemblages. Neutral models assume species to be interchangeable in 

the community; thus the models assume an absence of niche structure (MacArthur and 

Levins 1967, Bell 2000, Hubbell 2001, Volkov et al. 2003, Volkov et al. 2004). Further, 

the null model predicts species loss, changes in population size, and overall changes in 

community composition are due to chance. Resource partitioning models suggest an 

underlying structure of niches in which specific species excel at exploiting particular 

resources (MacArthur 1957, Armstrong and McGehee 1980). This model predicts the 

abundance of any one species is directly affected by the abundance of one to several 

similar species. Here species are not interchangeable and inter- and intraspecific 

competition affects community composition through regulation of population size and 

persistence of the species within specific competitive interactions.   

The connection between phylogenetic similarity and community composition is a 

largely unresolved issue in evolutionary ecology. In fact, evolutionary relationships 

between species are likely to be associated with patterns of community assembly (Darwin 

1859, Lack 1971, Ricklefs and Schluter 1993). The role of phylogenetic niche 

conservatism (Peterson et al. 1999, Webb et al. 2002) appears to play a role in structuring 

spatial and temporal community dynamics of Parulids (Lovette and Hochachka 2006). 

Lovette and Hochachka (2006) found that relatively few pairs of Setophahga (formerly 
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Dendroica) species consistently co-occur with high frequency and these species are 

distantly related and ecologically differentiated. Along with evolutionary relationships 

the role of direct adaptations to historic and current resource availability must also be 

addressed. Hutchinson (1957) suggested species distributions can largely be explained on 

the basis of habitat affinities or a species’ fundamental niche. Therefore, 

ecomorphological and behavioral adaptations that contribute to habitat selection and that 

have diverged between Parulidae species may be important factors in community 

assembly.   

 

METACOMMUNITY THEORY 

How communities are assembled has been a focus of theoretical and empirical 

research in community ecology but mechanisms have remained largely unidentified. The 

majority of community assembly studies have focused on the role of internal dynamics 

such as species interactions and ecological requirements in determining local community 

composition. However, there is increasing effort to determine the effect that processes 

that operate at larger scales have on both local and regional community dynamics 

(Wilson 1992). For example, if local communities are linked by dispersal, mechanisms 

that contribute to the structure of communities must be examined within a larger spatial 

framework. The metacommunity perspective allows for the study of communities that are 

linked in space and time and the associated processes.    

A metacommunity is a set of interacting local communities which are linked by 

the dispersal of multiple, potentially interacting species (Gilpin and Hanski 1991, Wilson 



 

 16 

1992, Leibold et al. 2004). The local community in this framework includes all species 

that potentially interact at a single locality or patch. Metacommunity theory can be used 

to examine patterns of species distribution, abundance and interaction of organisms at 

local as well as regional scales that are larger than those addressed by more conventional 

community theory (Leibold et al. 2004). Gilpin and Hanski (1991) describe four 

theoretical frameworks in metacommunity theory that have been used in the majority of 

theoretical and empirical work. These models detail specific mechanistic processes useful 

for predicting empirical community patterns. These are the patch dynamics, species 

sorting, source-sink (or mass effect) and neutral model frameworks. 

Patch dynamics perspective extends metapopulation models to more than two 

species and emphasizes colonization-competitive ability trade-offs (Leibold et al. 2004). 

Because it considers multiple species, it builds on the equilibrium theory of island 

biogeography by including trophic structure, species identities, and niche differentiation 

((MacArthur and Wilson 1967, Chase and Leibold 2002). This perspective describes 

species composition among multiple, identical patches (islands) that undergo stochastic 

and deterministic extinctions, and dispersal counteracts extinction events by providing a 

source for colonization to unoccupied patches. Species coexistence occurs if dispersal 

rates are limited in such a way that dominant species cannot drive competitors or prey to 

regional extinction (Tilman 1994). Because all patches are equal in terms of habitat 

quality and landscape factors, there are no long-term refuges for species. Thus species 

composition will vary over time, acting as a strong stabilizing mechanism for maintaining 
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biodiversity at the regional scale in patchy environments (Chesson 2000, Muller-Landau 

2008).    

Species sorting models build on theories of community change over 

environmental gradients and consider the effects of local abiotic features on population 

vital rates and species interactions (Whittaker 1972). In this framework variation in 

abundance and composition in local patches are heterogeneous, and individual species’ 

responses to environmental heterogeneity are such that local patch conditions may favor 

certain species and not others (Chase et al. 2005). As with other patch dynamic models, 

there is an assumption of separation of time scales between local population dynamics 

and colonization-extinction rates. Populations are assumed to reach their equilibrium 

between the time of colonization and an environmental perturbation that might cause a 

local extinction. The frequency of colonization is assumed to be such that communities 

reach their end point states (Law and Morton 1993), where they are unsuitable for other 

species (closed communities), but not so often that mass effects occur. The overall effect 

is that species present within a community are expected to be determined by abiotic 

conditions. As a consequence, local species diversity and composition are expected to be 

relatively constant or restricted through time (Leibold et al. 2004). Species sorting 

characterizes the classical niche differentiation and coexistence perspective (MacArthur 

1958). However, metacommunity theory allows exploration of the linkages between local 

and regional diversity.   

The mass effects perspective describes a multispecies framework of source-sink 

dynamics and rescue effects where dispersal and environmental heterogeneity interact to 
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determine local and regional abundance and composition (Mouquet and Loreau 2003). 

Differences in population density at different locations can drive both immigration and 

emigration between local communities. Immigration can supplement birth rates and 

enhance densities of local populations above what may be expected in closed 

communities, and similarly, emigration can enhance rates of loss in local populations 

(Leibold et al. 2004). This approach suggests that coexistence in metacommunities is 

obtained through a regional balance of local competitive abilities where species are 

locally different but regionally similar in their competitive abilities. Mass effects that 

allow local coexistence requires spatial variation in fitness, which cannot be maintained 

at high levels of dispersal among patch types (Mouquet and Loreau 2003). The 

assumptions of the mass effects perspective are that it can occur in the absence of patch 

heterogeneity but the mass effects are more predictive if the patches are heterogeneous; 

this is similar to the species sorting perspective (Leibold et al. 2004). It is important to 

note that a basic difference between these two perspectives is the emphasis on local 

exclusion due to interspecific interactions and abiotic conditions that occurs with species 

sorting perspective compared to the relatively high rates of dispersal associated with mass 

effects perspective.   

The first three metacommunity perspectives assume that species differ 

significantly from each other in dispersal abilities and niche relations. The resulting 

dynamics depend on differences among species or trade-offs that emerge from these 

assemblages, with various outcomes at the regional and local scales. The neutral 

perspective describes a framework where species are essentially equivalent in their 
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competitive and dispersal abilities, and local and regional composition and abundance are 

determined primarily by stochastic demographic processes and dispersal limitation (Bell 

2000, Hubbell 2001, Leibold et al. 2004). Hubbell’s (2001) and Bell’s (2000) neutral 

community models predict a surprising number of community and metacommunity 

patterns, one of the strengths of neutral theory is that it makes quantifiable and testable 

predictions about species abundance in space and time. However, neutral models alone 

cannot explain how differences in local and regional diversity are maintained over time 

(Alder 2004, Wootton 2005, Ricklefs 2006). While neutral theory is fundamentally 

flawed in assuming all species are ecologically equivalent, it does highlight critical 

processes for maintaining biodiversity and provides linkages between community 

assembly on local scales and evolutionary and biogeographic processes on large scales 

(Ricklefs 2006).  

Viewing communities as interconnected entities within a landscape, 

metacommunity ecology focuses on the importance of dispersal, regional species pools, 

and demographic stochasticity in determining local and regional species composition. 

However, because real ecological communities are subject to both habitat variability and 

stochastic processes, the predictive power of the metacommunity models is limited. 

While the four metacommunity perspectives address different aspects of community 

dynamics, it is unlikely that all species in a metacommunity will fit in to one of these 

perspectives. A synthetic perspective on metacommunity theory would enhance 

understanding of how communities are structured and maintained at local and regional 

scales (Amarasekare et al. 2004, Leibold et al. 2004). 
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There have been several attempts at experimentally addressing metacommunity 

dynamics with mixed results. Logue et al. (2011) indicated that the species sorting and 

mass effects paradigms are the most commonly tested and supported perspectives and 

that the dynamics observed in metacommunities can often be attributed to two or more of 

the four perspectives. However, experimental approaches inadequately meet the 

assumptions and predictions made by the metacommunity paradigms (Logue et al. 2011). 

Driscoll and Lindenmayer (2009) found little consistent support for any of the 

metacommunity theories when they modeled bird and reptile community structure, 

suggesting that different metacommunity mechanisms act temporarily and sometimes 

simultaneously on different subsets of the fauna in different regions. This implies that 

because of the complexity of species responses, metacommunity ideas cannot yet be used 

predictively in a management context (Driscoll and Lindenmayer 2009). However, 

Dorazio et al. (2010) describe a statistical modeling framework, multispecies occupancy 

modeling, for the analysis of metacommunity dynamics that is based on the idea of 

adopting a unified approach for computing inferences and predictions about individual 

species, local communities of species, or the entire metacommunity of species. 

A variety of processes are thought to be involved in the formation and dynamics 

of species assemblages. Aside from empirical tests of neutral models (Bell 2000, Hubbell 

2001, Chave et al. 2002, Alder 2004, Wootton 2005, Ricklefs 2006) metacommunity 

theories have continued to advance without ample empirical confirmation. The empirical 

tests of the neutral models include methods such as comparing observed and predicted 

patterns of species abundance, occurrence, and diversity. However, these tests do not 
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specify the spatial scales and mechanisms that are relevant to metacommunity dynamics. 

Dorazio et al. (2010) suggest that one issue with evaluating metacommunity models is 

that statistical models used to analyze survey data fail to explain spatial and temporal 

dynamics with sufficient complexity or the models do not account for detectability of 

species (MacKenzie et al. 2006). Further development of an appropriate model to assess 

metacommunity theory could allow us to predict the impacts of temporal and spatial 

changes in biodiversity and could be used for making conservation decisions.   

Metacommunity models provide a starting point for exploring community 

dynamics; however, there are important factors that are not addressed in current models. 

Two important elements that likely influence metacommunity dynamics not included in 

the above metacommunity perspectives are habitat selection and evolutionary processes 

(Leibold et al. 2004). Because of the growing evidence associated with evolutionary 

processes and behavior-mediated habitat selection in community assembly, the 

incorporation of these mechanisms in metacommunity dynamics is suggested (Leibold et 

al. 2004).   

Some  evidence  indicates landscape-level patterns of distribution and species 

diversity can be driven to a large extent by habitat selection behavior (Jones 2001, Morris 

2003, Resetarits 2005); a critical mechanism of community and metacommunity 

assembly. Interactive habitat selection (IHS)  models involves the redistribution of 

individuals among habitat patches based on perceived fitness rather than realized fitness, 

with perceptions driven by past selection and success. In particular, habitat preferences 

based on species composition can create distinct patterns of positive and negative 
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covariance among species, generating more complex linkages among communities than 

with random dispersal models. Organisms actively search and assess habitats to occupy 

and then choose the most appropriate habitat or those most likely to generate the high 

fitness (Baker 1978). Individuals may either avoid or be attracted to certain patches.  

Avoidance and attraction can produce different species distributions. The IHS models 

indicate that patches are continually assessed, and habitat will be perceived differently 

should it undergo substantial change or as a result of experience over time. In 

experiments by Binckley and Restartis (2005), predatory fish, in the absence of any 

mortality, reduced abundance and species richness of aquatic beetles by up to 80% 

compared with controls. The results indicated beetle species' shared habitat preferences 

that generated distinct patterns of species richness, species composition and total 

abundance. The results of the IHS model match large-scale field patterns that had 

previously been explained by random dispersal and differential mortality.  

Incorporating habitat selection into population models can influence the predicted 

population size, population growth rate, and persistence of the population (Greene 2003). 

This may be because individuals tend to actively avoid marginal habitats while selecting 

more suitable habitats (Resetarits 2001). In dynamic landscapes, where distribution of 

marginal and suitable habitats can change over time, interactive habitat selection models 

offer a mechanism for individuals to deal with a changing fitness landscape (Resetarits 

2001). This can result in individuals not immediately lost from the population by 

mortality or reproductive failure but being redistributed spatially and concentrated into 
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remaining suitable habitat fragments. These fragments can then undergo secondary 

population and community changes due to increased density (Resetarits 2001).   

Evolutionary processes that have influenced how a species pool has evolved may 

also strongly impact metacommunity dynamics. Research on the interactions between 

evolutionary and ecological dynamics has mainly focused on local spatial scales and 

relatively simple ecological communities. However, recent work demonstrates that 

dispersal can alter the interaction between ecological and evolutionary dynamics (Urban 

et al. 2008). Genetic diversity within populations and species diversity within 

communities vary from the local spatial scale, where organisms interact with one another, 

to the regional scale, where populations interact.  However, studies of biodiversity have 

largely been separated by discipline where evolutionary biologists focus on 

understanding genetic diversity within populations and often ignore species interactions, 

while  ecologists focus on understanding community dynamics and often  ignore 

evolution (Urban et al. 2008). Additionally, recent reviews show that microevolutionary 

processes of adaptation frequently occur on fast timescales (Kingsolver et al. 2001) 

similar to those involving ecological processes in population dynamics or community 

change (Urban et al 2008). The possible unequal timescale of evolution and ecology and 

the common influence of dispersal suggest that the two processes may interact in 

important ways to affect spatial evolutionary ecology. 

To understand metacommunity dynamics, the interaction between evolution in 

spatially structured populations and ecological dynamics in spatially structured 

communities needs to be addressed. Joint evolutionary and dispersal dynamics can shape 
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the species composition and diversity of natural communities. Specifically, it is possible 

that when evolutionary and community dynamics occur at similar spatial and temporal 

scales, their interaction can generate community patterns that diverge from those 

predicted based on a separate understanding of ecological and evolutionary dynamics 

(Urban 2008). Urban et al. (2008) propose three dispersal-centered core research areas 

that integrate evolutionary and ecological processes of metacommunities: 1) adaptation in 

metacommunities, 2) the evolution of food web structure in space, and 3) the evolution of 

neutral and niche-determined mechanisms of diversity. They also suggest that the study 

of evolutionary ecology of metacommunities will facilitate understanding of how 

communities are distributed and how they respond to environmental change at larger 

spatial scales (Urban et al. 2008). The integration of species’ traits and life history 

relationships with metacommunity concepts, taking into account both microevolutionary 

dynamics and macroevolutionary processes, will provide great insight into factors 

influencing biodiversity at local and regional scales.  

CONSERVATION APPLICATIONS 

The impacts of climate change will have substantial consequences on avian 

communities in boreal forests. Climate change has and will continue to impact species 

geographical distributions and timing of life cycle events. The result will be the 

displacement and rearrangement of plant and animal communities and ecosystems, 

disruption of birds’ relationships with food resources, competitors, and parasites (Root 

and Hughes 2005). Because breeding is the most demanding period within the avian life 

cycle (Martin 1987), synchrony with food abundance is crucial. If the phenology of a 
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species is shifting at a different rate from species that make-up its ecological conditions, 

this will lead to mistiming of its seasonal activities (Visser et al. 2004). The trophic 

decoupling of food web phenology may have severe consequences, including biodiversity 

loss (Visser et al. 2004). As bird populations respond to altered levels of food resources, 

range shifts that re-organize avian communities and introduce new competitive, 

predatory, or parasitic interactions, novel or ‘‘no-analog’’ communities can be expected  

(Peterson et al. 2002, Stralberg et al. 2009). Processes and dynamics associated with 

avian biodiversity will be disrupted due to changes in species occupancy, fluctuations in 

resource availability, and colonization and extinction rates of forest patches over multiple 

temporal (within and between seasons) and spatial (local and regional) scales. These 

changes will alter patterns in avian biodiversity and functioning of boreal ecosystems 

(Root and Hughes 2005).  

Warmer winters in recent decades have played an important role in shifting winter 

bird ranges northward (Niven et al. 2009). Christmas Bird Count (CBC) data from the 

mid-1960s through 2006 show that 170 (56%) of the 305 most widespread, regularly 

occurring species have shifted their ranges to the north, whereas only 71 species (23%) 

have shifted to the south and 64 species (21%) have not shifted significantly north or 

south (Niven et al. 2009). In fact birds in most habitats showed the northern range shift. 

Urban and suburban birds showed the greatest shifts followed by forest birds. Generalist 

species shifted their ranges north more than those with more specific habitat preferences 

except for forest birds. Each of the 305 species in the study showed a different amount of 

range shift (Niven et al. 2009). Based on range shift effects alone, future bird 
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communities will look different from those of today and this will have unknown effects 

on ecosystem function.  

 Documented changes in the timing of life cycle events and shifts in range or 

habitat usage and bird population dynamics are evidence that some species are already 

adapting to the recent changes (Price and Root 2001, Root and Schneider 2002, Virkkala 

et al. 2008, Wiens et al. 2009, Matthews et al. 2011). However, in an evolutionary 

context, the climate changes are occurring at an extraordinarily rapid pace, likely far 

outpacing the capacity of many species to adapt in the classic sense (Diffenbaugh and 

Field 2013). Species that have recently diverged and/or have high levels of habitat or 

niche specificity may be less able to adapt in a changing environment. Identifying the 

role and extent niche differentiation and phylogeny play in community assembly 

processes will help make predictions and potentially mitigate these impacts.  

Understanding mechanisms for species coexistence and community assembly 

allows us to gain insight on drivers of biodiversity at local and regional scales. Kareiva et 

al. (2008), cite several studies that show that diversity at multiple scales is the critical 

factor for ecosystem resilience. Ecosystem functioning can crucially depend on the 

organization of species communities within the ecosystem. For example, local extinctions 

that occur because of habitat alterations or new competitive interactions may have 

substantial effects on regional biodiversity (Diamond 1984). The initial local extinction 

of one species can lead to secondary extinctions of other species (Dunne et al. 2002). 

How such local extinction cascades propagate through the system likely depend on 

landscape features, community structure, and metacommunity dynamics (Dunne et al. 
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2002). For example, if mortality during dispersal is high, recolonizations and rescue 

mechanisms will no longer be effective and local species loss can progress to extinction 

cascades dynamics. Luck et al. (2003) suggest that the traditional measure of biodiversity 

loss, which is based on species extinction rates, understates the severity of the problem 

because this measure fails to adequately reflect the importance of those species to the 

functioning of ecosystems.  

Wells and Blancher (2011) show that the North American boreal region supports 

over 300 breeding bird species and 50% or more of breeding population occur in the 

boreal regions for at least 96 bird species. Consequently, the boreal region has large 

stewardship responsibility to these species. The combination of climate change and 

changing land-use practices in this region will likely impact species richness, diversity, 

and overall abundance. It is critical resource managers and conservation plans focus 

efforts that protect biodiversity to include changes in the size, number, distribution, and 

genetic composition of populations and the implications of those changes for the 

functioning of ecosystems (Pimm et al. 2014). This will prove a more effective tool to 

ensure that these systems will be as resilient as possible under climate change.  

Global climate change has emerged as the ultimate conservation challenge 

although the combined effects of climate change with other on-going problems such as 

habitat fragmentation that ultimately pose the greatest threat to the world’s ecosystems 

(Root and Schneider 2002). Metacommunity ecology can bridge existing gaps between 

empirical and theoretical work to better understand how to maintain biodiversity across 

habitats and ecosystems. The application of the metacommunity perspectives to empirical 
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data can facilitate better understanding of processes that drive species distribution, 

abundance, interactions, and variation in species richness, community structure, and 

patterns of biodiversity across spatial and temporal scales. While metacommunity 

ecology is a relatively new field, it does provide a framework to improve and increase 

knowledge on these processes. Building this knowledge base is important to understand 

and quantify ecosystem function and to make predictions about the effects of climate 

change on biodiversity. The boreal region of North America represents a unique global 

conservation asset for birds and other forms of biodiversity that should be protected. 

Promoting ecological function and species diversity will be important for improving 

boreal forest resiliency as well as ensuring the greatest opportunity for success in efforts 

to accommodate changes in forests due to climate change. 
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CHAPTER 2 

COMMUNITY AND DETECTION RESPONSE TO EXPERIMENTAL 

PLAYBACKS 

SUMMARY 

Detection heterogeneity can affect abundance and density estimates. To address this 

issue, several methods for estimating probabilities of detection during point counts have 

been developed. I used experimental paired point counts to evaluate the effect predator 

and mobbing playbacks have on detection availability at the community and species 

levels. Results indicate excitatory playbacks significantly increased estimates of 

abundance, decreased mean distance of detection, and decreased mean time of detection 

while inhibitory playback significantly decreased observed abundance, decreased 

observed species richness, and increased average time of detection. Inhibitory and 

excitatory playbacks altered detection probability for the 10 most abundant species. Time 

of day and time of season were also important factors in availability for detection for 

some species. Effects of detection probabilities on abundance estimates are discussed.  

Keywords: Detection probability, experimental playbacks, abundance, species richness 

INTRODUCTION 

Use of point-count surveys is a popular, standardized method for collecting data 

on abundance and distribution of breeding birds along with community parameters such 

as species diversity and richness (Ralph and Scott 1981, Ralph et al. 1995, Knutson et al. 

2008). However, ornithologists have long recognized that point counts provide a biased 

estimate of the number of individual birds breeding at a given site at a given time 
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(Burnham 1981, Verner 1985, Johnson 1995). Rigorous standardization of counting 

protocols (Thompson 2002) and observer training (Verner 1985) have been used in 

attempts to control for heterogeneous detection probability. However, while rigorous 

standardization may remove many sources of variation in counts, it is unlikely to produce 

equal detection probabilities because of many unidentified and uncontrollable factors that 

influence detection probabilities (Conroy and Nichols 1996). Differences among 

observers in ability to detect and identify birds, along with environmental conditions such 

as ambient noise, time-of-day or season, wind, and weather can affect the probability of 

detection (Sauer et al. 1994).   

Concern about the effects of detection heterogeneity on inferences about 

abundance and density estimates have resulted in the development of several methods for 

estimating probabilities of detection during point counts (Thompson 2002, Farnsworth 

2002, Royale et al. 2005, Etterson et al. 2009, Nichols et al. 2009, Sólymos et al., 2013).  

Nichols et al. (2009) conceptualized four distinct component probabilities associated with 

detection during an auditory survey. These are 1) ps, the probability that a territory 

overlaps the point count detection radius, 2) pp the probability that a bird is present within 

the detection radius during the point count, given that its territory overlaps the detection 

radius, 3) pa, the probability that the bird is available for detection (sings, moves) during 

the point count, given that it is present and 4) pd, the probability that a bird is detected 

given that it makes itself available. Different methods for estimating detection probability 

account for different combinations of these conditional probabilities. Thus, the estimate 

obtained for detection probability will depend upon the method used and may not 
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completely correct for all uncounted birds associated with a particular site. Accurate 

detectability adjustments are critical for many types of information gathered on birds 

including trend information, abundance estimates, and predictive habitat models.   

Low detection probabilities can result in biased estimates and decreased precision; 

therefore biologists seek methods that maximize detection and avoid the problem of 

“false absence” (Thompson 2002). Seasonal and daily variations in species activity can 

make this difficult, especially if the survey is conducted in dense habitats (Catchpole and 

Slater 1995) where visual observations are often limited. To reduce this problem, 

playback methods are often utilized during point count surveys. Many studies have 

indicated that the use of conspecific and mobbing playbacks increase the number of 

observations during bird surveys (Johnson et al. 1981, Rosenfield et al. 1985, Johnson 

and Dinsmore 1986, Kaufmann 1988, Swift et al. 1988, Turcotte and Desrochers 2002, 

Mitchell and Donovan 2008). Playback techniques have also been used experimentally; 

Zanette et al. (2011) determined that the perceived predation risk, through the use of 

predator playbacks, altered behavior and physiology of Song Sparrows (Melospiza 

melodia). The goal of this study was to evaluate whether the probability of detection (p) 

and associated parameters obtained using point count surveys are affected by the use of 

playbacks.  

Here I present the results of a paired point count experiment used to determine the 

effect  Black-capped Chickadee (Poecile atricapilla) mobbing calls and Red-tailed Hawk 

(Buteo jamaicensis) flight calls have on detection availability at the community and 

species levels. I apply the Farnsworth et al. (2002) removal model to assess the effects of 
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detectability. This model accounts for availability (probability that a bird will sing during 

the count) and detectability (probability that the bird is detected given it sings). The 

paired point counts were conducted in the breeding season by one observer and habitat 

type was consistent throughout the study. Therefore I assume differences in detectability 

are small and p is largely relative to availability of birds (pa). Specifically, this 

experiment explores how the type of aural stimuli, time of day, and time of season impact 

the variability in component probability pa, availability for detection. The effect on 

community parameters, species detectability and overall abundance estimates for 10 

species are presented.  

METHODS 

Point Counts 

Roadside (secondary roads or smaller) ten-minute paired (“before” playback and 

“after” playback) point counts were conducted in central – east central Minnesota late 

May-early July in 2012 and 2013. The paired point counts included a 10 minute “before” 

standard point count, followed by 30 seconds of the assigned playback, or silence for the 

control points, and a 10 minute “after” point count. Playback type “Excitatory” 

(Chickadee mobbing), “Inhibitory” (Red-tailed Hawk), or “Control” (no playback) was 

randomly assigned to each point count location daily. Calls were broadcast with a 5W 

amplifier facing skyward at the center of the census site (Turcotte and Desrochers 2002). 

As a test of the effectiveness, observers were able to detect the recording as far away as 

200m on days with little to no wind in grassland habitat. Sound level measured 1 m 

above the amplifier with a sound level meter reached 105 decibels. 
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Point count locations were randomly selected within the NE quadrant of each 

township in the study area. Point count locations were separated by a minimum of 2 km, 

and each site was surveyed one time. To the extent possible, habitat compositions of 

point count locations were consistent, habitat requirements for point count locations were 

grassland habitats made up >50% of 100m point count radius and a minimum of 20% of 

point count radius was deciduous forest. Forest habitat generally occurred in the form of 

tree rows which are common in the study area. Point counts were conducted from 

approximately 0.5 hour before to 4 hours after sunrise on days with little wind (< 15 

km/hr) and little or no precipitation (Reynolds et al. 1980, Hanowski et al. 2005, Etterson 

et al. 2009). Information collected include: 1) distance estimates at 0-50 m, 50-100 m, 

and unlimited observations beyond 100 m, 2) type of observation (singing, calling, 

simultaneous singing, or observed), 3) conditions at time of observation (wind, 

precipitation, sky, and noise), and 4) the time interval of the observation (0-3 min, 3-5 

min, or 5-10 minute). All point counts were conducted by one observer to eliminate 

observer effects between point counts. The observer was tested for ability to identify 

birds by songs, hearing was tested, and a 3-4 day training session was completed prior to 

the start of data gathering to insure these data have been gathered in a standard and 

consistent manner (Hanowski and Niemi 1995, Hanowski et al. 2005, Etterson et al. 

2009, Niemi et al. 2014). A total of 40 paired control point counts, 60 paired excitatory 

point counts, and 60 paired inhibitory point counts were conducted from 2012- 2013. 

Community Analysis 
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Species richness, abundance, average distance of detection, and average time of 

detection were used as response variables to determine community response to playback 

treatments. Data used for analysis did not include flyovers for this portion of the analyses 

and data were limited to observations that occurred within a 100m radius. Paired t-tests 

were conducted on log-transformed values to meet normality assumptions.  

Detectability Analysis 

I apply the Farnsworth et al. (2002) removal model to determine the effect of 

playback treatment, time of day, and time of season. In the Farnsworth et al. (2002) 

model the point count is divided into three time intervals (0-3; 3-5; 5-10). As birds are 

detected in one interval they are “removed” from population that is being sampled. The 

model assumes that every bird has an a priori probability >0 of vocalizing during the 

sample period and the number of birds missed can be estimated. The model assumes that 

N is divided in to 2 groups, group 1 is composed of birds that are easily detected and 

detected within the first three minutes of sampling and group 2 is composed of birds that 

are more difficult to detect and are detected during one minute of sampling according to 

probability q. There are two parameters estimated with the removal method c and q, 

which are estimated by maximum likelihood procedures. The parameter c is the 

probability that a bird is hard to detect, therefore a member of group 2. The parameter q 

is the probability that a hard to detect bird is not detected during 1 minute of sampling. 

The overall probability (p) that a bird is detected during ten minutes of sampling is p = 1 

− cq
10

, which I will refer to throughout the remainder of this paper as the detection 

probability, or detectability. I predict that playback treatments are likely to influence the 
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probability that a bird is classified as hard to detect (c) whereas site covariates such as 

time of day were more likely to reflect intrinsic differences in singing behavior (q).  

I developed five detectability candidate models (Table 1) to assess heterogeneity 

in detectability, the influence of playback treatment, time of day, and time of season for 

the 10 most frequently detected species. Matlab (2010) algorithms written by Etterson et 

al. (2009) were used for removal models. I interpreted the strength of evidence among the 

five models based on the Akaike’s Information Criterion corrected for small sample size 

(AICc; Burnham and Anderson 2002). Akaike weights vary between 0.0 and 1.0 for each 

model, sum to 1.0 across the model set, and represent the weight of evidence in favor of a 

given model being the best in the set (Burnham and Anderson 2002). I used a bootstrap 

goodness-of-fit procedure to evaluate the fit of the most parameterized model to estimate 

ĉ, a measure of overdispersion, using the “unmarked” package in R (Fiske and Chandler 

2011) to assess model fit. The best fitting model for each species was used to calculate 

detection probability (p) and standard error. I produced corrected abundance estimates for 

each species using the Horvitz-Thompson estimator N = C/p, where N is the estimated 

number of birds associated with the site, C is the number of birds counted, and p is the 

estimated probability that a bird is detected at all during a 10-minute point count.  
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Model Description Parameters 

c(.)q(.) Detectability is homogeneous 2 

c(.)q(play) q is a function of treatment type 4 

c(play)q(.) c is a function of treatment type 4 

c(play)q(date) 
c is a function of treatment type and q is modified by time of 

season 
5 

c(play)q(time) 
c is a function of treatment type and q is modified by time of 

day 
4 

 

RESULTS 

Community Response 

A total of 3477 individuals and 60 species were detected within the 100m point 

count radius; 5978 individuals and 68 species were detected at unlimited distances during 

the “before” point counts. In the 100m radius the majority of detections during the 

“before” point counts were by birds singing (74.2%), the remaining birds were detected 

by observation (15.2%) and calling (10.6%). There was no significant difference for all 

response variables between paired “control” point counts; total abundance (t39=0.75, P= 

0.45), species richness (t39=0.02, P= 0.98), distance of detection (t39=0.56,  P= 0.58), and 

time of detection (t39=1.59, P= 0.12) (Figure 1).  

Table 1. Candidate model set for detection probability removal modeling. Parameter 

c is the probability that a bird is hard to detect and parameter q is the probability that 

a bird is hard to detect and not detected during 1 minute of sampling. 
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Results of the paired t tests indicate excitatory (chickadee mobbing) playbacks 

significantly increased observed total abundance (t59= 2.50, P=0.02), decreased average 

distance of detection (t59= 8.79, P<0.01), and decreased average time of detection (t59= 

7.06, P<0.01). However excitatory playbacks did not significantly affect species richness 

(t59= 1.96, P=0.06) (Figure 1). Inhibitory (red-tailed hawk) playback significantly 

decreased observed abundance (t59= 4.60, P<0.01), decreased observed species richness 

(t59= 5.05, P<0.01), and increased average time of detection (t59= 13.4, P<0.01) but did 

not significantly affect the average distance of detection (t59= 1.94, P=0.07) (Figure 1).  

Changes in detection type occurred based on playback type (Figure 2). The 

number of detections by singing significantly decreased after excitatory (t59= 6.80, 

P<0.01) and inhibitory (t59= 6.28, P<0.01) playbacks. The number of detections by 

calling did not significantly change in response to excitatory playbacks (t59= 1.02, 

P=0.31) but significantly decreased after inhibitory playbacks (t59= 3.51, P<0.01). The 

number of detections by observation significantly increased in response to excitatory 

playbacks (t59= 9.09, P<0.01) and significantly decreased in response to inhibitory 

playbacks (t59= 4.64, P<0.01). 
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Figure 1. Results of the paired t test to test for differences in (A.) abundance, (B.) 

species richness, (C.) distance of detection, and (D.) time of detection between 

paired control and experimental point counts. Means presented in the graphs are 

back-transformed means, error bars are standard deviations. *P<0.05. 
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Figure 2. Results of the paired t test to test for differences in detection type for (A.) 

individuals singing, (B.) individuals calling, and (C.) individuals observed between 

paired control and experimental point counts. Means presented in the graphs are 

back-transformed means, error bars are standard deviations. *P<0.05 
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Species Detectability 

Playback treatment was a covariate in all best performing models for the ten 

species analyzed (Table 2). The best models for eight species included playback 

treatment as a covariate of c (Table 2), whereas in the best models for Sedge Wren 

(Cistothorus platensis) and Black-capped Chickadee, playback treatment was a covariate 

of q and c was held constant. There was a combined playback and time of day effect in 

the best models for Song Sparrow, American Goldfinch (Spinus tristis), and Brown-

headed Cowbird (Molothrus ater); results indicate detectability increased with time of 

day for each of these species. Playback treatment and time of season were significant 

covariates in the best models for Red-winged Blackbird (Agelaius phoeniceus) and 

Yellow Warbler (Setophaga petechia); results show that detectability decreased later in 

the season. The best models for Common Yellowthroat (Geothlypis trichas),Savannah 

Sparrow (Passerculus sandwichensis), and American Robin (Turdus migratorius) 

included playback treatment as a function of c with no additional covariates (Table 2).  

Yellow Warbler, Song Sparrow, American Goldfinch, Savannah Sparrow, Sedge 

Wren, and Black-capped Chickadee had relatively high (≥ 0.75) probability of detection 

based on control (silent) point counts. American Robin, Brown-headed Cowbird, and 

Red-winged Blackbirds had a relatively low (≤ 0.50) probability of detection based on 

model results from control point counts (Table 3). Red-tailed Hawk playbacks 

significantly decreased probability of detection for four species; Yellow Warbler, 

American Goldfinch, Savanah Sparrow, and Sedge Wren compared to estimates from  
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Species Playback 

Time 

of 

season 

Time 

of 

day 

c(.) 

q(.) 

c(.) 

q(play) 

c(play) 

q(.) 

c(play) 

q(date) 

c(play) 

q(time) 

Red-winged 

blackbird 
c y (-) . 0.00 0.19 0.00 0.77 0.03 

Common 

Yellowthroat 
c . . 0.00 0.14 0.71 0.15 0.00 

Song Sparrow c . y (+) 0.00 0.00 0.17 0.04 0.79 

Yellow Warbler c y (-) . 0.00 0.00 0.14 0.74 0.12 

American 

Goldfinch 
c . y (+) 0.01 0.09 0.01 0.00 0.90 

Savanah 

Sparrow 
c . . 0.00 0.01 0.99 0.00 0.00 

Brown-headed 

Cowbird 
c . y (+) 0.00 0.00 0.00 0.00 1.00 

Sedge Wren q . . 0.00 0.66 0.01 0.01 0.32 

American Robin c . . 0.10 0.01 0.43 0.17 0.28 

Black-capped 

Chickadee 
q . . 0.10 0.48 0.08 0.02 0.33 

 

 

Table 2. Summary of results and Akaike (AICc) weights of removal model for ten most 

commonly detected species. Playback, time of season, and time of day summarize the 

effect of each variable according to best models for each species. Best models for each 

species are bolded. 
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“before” inhibitory point counts. However, detection probability significantly increased 

in response to inhibitory playbacks for Red-winged Blackbird and Brown-headed 

Cowbird. Black-capped Chickadee mobbing (excitatory) playbacks increased detection 

probability for three species, Red-winged Blackbird, Black-capped Chickadee, and 

American Goldfinch (Table 3) compared with detection estimates from paired “before” 

point counts. However, chickadee playbacks decreased probability of detection for 

Yellow Warbler (Table 3). Detection probabilities did not significantly differ before and 

after excitatory playbacks for Common Yellowthroat, Song Sparrow, Savannah Sparrow, 

Brown-headed Cowbird, Sedge Wren, and American Robin (Table 3).  

The range in the differences between corrected estimates of abundance and naïve 

abundance estimates varied by species depending on the probability of detection (Table 

4). For example, p for Black-capped Chickadee in the control point counts was 0.90 and, 

therefore, the naive and corrected abundance estimates were similar. However, p for 

American Goldfinch was high, 0.91, in the control point counts but decreased to 0.20 

during the inhibitory point counts. Therefore, the corrected abundance estimates using the 

probability for detection based on the inhibitory models was five times greater than naïve 

estimates.   
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  Control Inhibit Excite 

Species 
Num. 

Obs. 
Before After Before After Before After 

Red-winged 

Blackbird 
468 

0.45 

(0.11) 

0.48 

(0.10) 

0.40 

(0.13) 

0.89 

(0.05) 

0.43 

(0.11) 

0.85 

(0.07) 

Common 

Yellowthroat 
456 

0.51 

(0.18) 

0.54 

(0.17) 

0.52 

(0.17) 

0.34 

(0.14) 

0.56 

(0.18) 

0.44 

(0.23) 

Song Sparrow 313 
0.70 

(0.21) 

0.72 

(0.23) 

0.71 

(0.23) 

0.26 

(0.25) 

0.73(0.1

6) 

0.62 

(0.33) 

Yellow 

Warbler 
237 

0.81 

(0.10) 

0.81 

(0.10) 

0.76 

(0.09) 

0.39 

(0.26) 

0.74 

(0.09) 

0.4 

(0.24) 

American 

Goldfinch 
234 

0.90 

(0.17) 

0.83 

(0.17) 

0.91 

(0.20) 

0.20 

(0.14) 

0.78 

(0.14) 

0.94 

(0.09) 

Savanah 

Sparrow 
233 

0.78 

(0.30) 

0.72 

(0.29) 

0.77 

(0.26) 

0.22 

(0.13) 

0.70 

(0.12) 

0.57 

(0.47) 

Brown-headed 

Cowbird 
176 

0.39 

(0.28) 

0.40 

(0.28) 

0.40 

(0.25) 

0.87 

(0.12) 

0.33 

(0.22) 

0.30 

(0.12) 

Sedge Wren 174 
0.88 

(0.17) 

0.88 

(0.17) 

0.80 

(0.10) 

0.34 

(0.22) 

0.83 

(0.11) 

0.66 

(0.12) 

American 

Robin 
141 

0.51 

(0.31) 

0.50 

(0.30) 

0.53 

(0.21) 

0.64 

(0.18) 

0.60 

(0.22) 

0.58 

(0.12) 

Black-capped 

Chickadee 
86 

0.90 

(0.01) 

0.90 

(0.01) 

0.90 

(0.01) 

0.88 

(0.07) 

0.9 

(0.01) 

0.98 

(0.06) 

 

 

 

Table 3. Detectability (p) estimates for paired experimental point counts. Estimates and 

standard errors were calculated using the best models based on AICc weights for each 

species. Number of observations represents the total number of birds observed in all 

“before” point counts (N=200). Standard errors are in parentheses, before and after 

values with non-overlapping confidence intervals are in bold.  
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Species 

Observed Mean 

Abundance 

Estimated Abundance 

Control Inhibit Excite 

Nbefore Nafter Nbefore Nafter Nbefore Nafter 

Red-winged Blackbird 2.34 5.2 4.9 5.9 2.6 5.4 2.8 

Common Yellowthroat 2.28 4.5 4.2 4.4 6.7 4.1 5.2 

Song Sparrow 1.57 2.2 2.2 2.2 6.0 2.2 2.5 

Yellow Warbler 1.19 1.5 1.5 1.6 3.1 1.6 3.0 

American Goldfinch 1.17 1.3 1.4 1.3 5.9 1.5 1.2 

Savanah Sparrow 1.17 1.5 1.6 1.5 5.3 1.7 2.1 

Brown-headed Cowbird 0.88 2.3 2.2 3.5 1.0 2.7 2.9 

Sedge Wren 0.87 1.0 1.0 1.1 2.6 1.0 1.3 

American Robin 0.71 1.4 1.4 1.3 1.1 1.2 1.2 

Black-capped Chickadee 0.43 0.5 0.5 0.5 0.5 0.5 0.4 

 

 

Table 4. Results of corrected estimates of abundance, presented as birds per point, for 

experimental point counts. Estimates of abundance were calculated using the moment 

estimator N = C/p, where N is the estimated number of birds associated with the site, C 

is the number of birds counted, and p is the estimated probability that a bird is detected 

at all during a 10-minute point count. Best models (based on AICc) were used to 

calculate detectability estimates (p) for playback type for each species. Estimates were 

divided by the number of points surveyed to express the value as number of birds per 

point to standardize the estimate by effort. 
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DISCUSSION  

The results of this study show that overall community response to excitatory and 

inhibitory playbacks was consistent. However, probability of detection for each species 

varies in response to playbacks. Because paired point counts were used in this study, the 

variation in factors often associated with the detection process (observers, time of day, 

time of season, weather variables, habitat) where minimized between control and 

experimental point counts. Therefore, difference in detectability is mainly a function of 

availability for detection (pa). Farnsworth et al. (2002) noted that one of the assumptions 

of their model is all birds are available for detection, yet because birds often sing in 

irregular bouts, rather than consistently, detectability adjustments based on the removal 

method may not be appropriate for all species (McCallum 2005). Until this time, the 

influence of availability on detection processes and related indices have not been 

experimentally tested.   

Black-capped Chickadee mobbing calls attracted individuals of many bird species 

to the point count radius. My results suggest that the playback influenced not only 

availability (pa) but also pp, probability a bird is present within the detection radius during 

the point count. Because estimation based on time of detection models focuses on the 

product papd, abundance estimates are associated with the birds present at the sample 

location during the sample period (associated probability pp) but is not conditioned on 

availability (Nichols et al. 2009). If Ns represent the total number of birds whose home 

ranges overlap the set of sampled points the estimated abundance is for the site ~ Ns pp 

(Nichols et al. 2009) . Therefore if probability of presence of a species at a point count 
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location increases in response to Black-capped Chickadee mobbing calls, abundance 

estimates at these locations could be biased compared to point counts that occur without 

mobbing calls. 

Mobbing playbacks also significantly decreased the distance birds were observed 

and increased the probability of visual observations of birds compared with control point 

counts. Increased visual observations at close range may also reduce the risk of 

identification errors. This can be an important result for researchers attempting to assess 

reproductive activity of birds such as adults carrying food or nesting material. My results 

are similar to those of Gunn et al. (2000); they proposed using mobbing playbacks as an 

alternative to constant effort mist-netting to assess reproductive success on large scales.  

Red-tailed Hawk playbacks decreased the observed abundance and species 

richness at point count locations. The time of detection was significantly higher, 

suggesting birds decrease singing frequency in the perceived presence of predators. 

Based on preliminary results of the Red-tailed Hawk playbacks, additional point counts 

were conducted using a non-predator (Canada Goose honking) playback to evaluate if 

changes in detection were in response to loud noise as opposed to predation risk (Zanette 

et al. 2011). The results of these point counts indicate that there is no change in 

abundance (t19= 0.65, P=0.52), species richness (t19= 0.30, P=0.76), distance of detection 

(t19= 0.66, P=0.51), or time of detection (t19= 0.15, P=0.88) in response to the non-

predator playback. The sample size is small (N=20), and there were not adequate 

observations of individual species to conduct detectability analysis for this playback 

group, therefore this issue may deserve further investigation. However, Zanette et al. 
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(2011) found playbacks of predator calls reduced the number of offspring produced by 

Song Sparrows per year by 40%, this suggests perception of predation risk is powerful 

enough to affect wildlife population dynamics. These results suggest that in the perceived 

presence of predators many species of birds decrease frequency of territorial singing 

which could have additional effects on reproductive success; I believe this topic deserves 

further study.  

Inhibitory and excitatory playbacks altered detection probability for some species 

compared to “before” point counts. Time of day and time of season were also important 

factors in availability for detection for some species. Significant differences in detection 

probabilities between “before” and “after” playbacks resulted in large differences in 

abundance estimates for some species such as the Yellow Warbler and Brown-headed 

Cowbird. 

Several potential mechanisms could explain the observed differences in species 

response to playbacks. Yellow Warbler showed sharp declines in detections in response 

to mobbing playbacks, however most species did not show significant changes in 

detection probability. Because of the habitat structure of the study area, forested areas 

made up a minimum of 20% of the 100m point count radius, but the majority of habitat 

was grassland and the most abundant species were largely grassland associated species. 

Significant positive responses in detection may be more likely for forest associated 

species; however sample sizes were not large enough in this study to model these species. 

Further, Mitchell and Donovan (2008) suggest that species-specific responses could 

depend on the response of chickadees at the point-count. Hurd (1996) noted that the 
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presence of chickadees at the point count increased the volume of calls and provided a 

visual stimulus that potentially enhanced interspecific responses.    

The effectiveness of mobbing playbacks in increasing p varies with species so the 

method is most effective for surveying target species that are known to respond positively 

to mobbing playbacks. The use of mobbing playbacks is probably not useful for surveys 

intended to target a wide variety of species, because using the playback could result in 

lower detection probabilities for some species. However, chickadee playbacks may be 

useful for community based studies aimed at assessing species richness and abundance in 

specific habitats. 

My results show that the largest bird species, Red-winged Blackbird and Brown-

headed Cowbird, had an increase in detectability in response to Red-tailed Hawk 

playbacks. It is well documented that both male and female Red-winged Blackbirds 

respond to predators with alarm calls and mobbing (Nero 1956, Orians and Christman 

1968). Cowbirds (Lowther et al. 1987) have also been observed responding to predators 

with threat displays consisting of mobbing behavior and alarm calls, although this species 

is not a common prey items for Red-tailed Hawks. Four other species had relatively large 

decreases in p compared with “before” point counts. This result is somewhat surprising 

because smaller passerines are not a main prey item for Red-tailed Hawks; therefore, I 

did not expect a strong behavioral response. However, Red-tailed Hawk prey items vary 

seasonally, in the summer rodents comprise the majority of a hawk's diet but passerines 

reportedly make up approximately 10% (6%–17%) of their diet in Wisconsin (Petersen 

1979) and 22% of their diet in Alberta (Preston and Beane 2009).  
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Point-count surveys are commonly used to collect data on the abundance and 

distribution of birds and data are generally reported as indices such as relative abundance. 

Because valid comparisons of these indices assume that the detection process is 

comparable over space and time, the use of indices has recently come under increasing 

criticism. For example, Thompson (2002) argued that unadjusted counts will not suffice 

for species of concern, and McCallum (2005) states that a correction for low availability 

due to time of day, season, or reproductive status will greatly improve the accuracy of 

count data. On the other hand, Johnson (2008) argues that while unadjusted counts of 

birds are simple indices, procedures to adjust counts to provide estimates of population 

size may themselves be problematic. This study shows that probability of detection and 

associated community parameters can be significantly affected by availability of birds 

(pa) and result in biased estimates in some cases.  

Recent work on detection processes has shown that necessary assumptions of 

detection models are difficult to meet in real field settings and at present no method of 

adjusting bird count data appears to be effective for large-scale, multi-species monitoring 

surveys (Johnson 2008). Recent models have combined removal and distance sampling 

models to estimate avian densities from point-count surveys that vary in survey duration, 

survey radius and the length and number of time or distance subintervals within each 

(Solymos 2013). However, additional field studies should be conducted to assess the 

extent of bias associated with corrected indices for species that sing in irregular bouts or 

at variable rates (Alldredge et al. 2007), are highly mobile (Scott & Ramsey 1981, 

Burnham et al. 2004) and species that move in response to observers (Buckland et al. 
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2001). These are general issues that violate assumptions associated with both distance 

sampling and removal models (Johnson 2008, Nichols, Thomas & Conn 2009, Reidy et 

al. 2011). The results of this study emphasize the importance for researchers to be 

familiar with assumptions of detectability models and chose the most appropriate models 

for the species of interest.     
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CHAPTER 3 

SPATIO-TEMPORAL DYNAMICS OF WOOD WARBLERS 

SUMMARY 

Forest management has altered the spatial and temporal pattern of natural disturbance 

regimes resulting in a mosaic of relatively small patches in the landscape. The effects of 

landscape attributes have recently been documented in many studies, yet an 

understanding on the relative impacts of landscape attributes on long-term population 

patterns and dynamics of species in managed ecosystems remains limited. I used multi-

season occupancy models to characterize long term (20 year) population dynamics and 

determine the relative influence of patch area, edge, and habitat composition at multiple 

spatial scales on local extinction and colonization probabilities for 22 warbler species in 

two national forests of Minnesota. My results show that long-term dynamics of 22 

warbler species at large spatial scales were associated with species’ population density 

and habitat specialization. Landscape effects of mean patch size and total edge, as well as 

scale, on local extinction and colonization dynamics were species specific. I show that 

habitat generalist species were more likely to have landscape effects related to 

colonization and probability of local extinction not related with life history or ecological 

traits. Identifying mechanisms of species occupancy dynamics at large scales is critical 

for understanding the ecology of these species, their population trends, and their 

conservation. 

Keywords: warblers, occupancy dynamics, landscape, life history traits, avian 

conservation 
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INTRODUCTION 

The wood-warblers of the family Parulidae (Aves) have long been used as models 

for ecological and behavioral studies (e.g., MacArthur 1958, Morse 1970, Price et al. 

2000, Martin and Martin 2001, Rabosky and Lovette 2008). Wood warblers are small, 

primarily insectivorous birds with a broad diversity of habitat preferences and life-

histories. The wood warblers of North America are a classic example of continental 

adaptive radiation (MacArthur 1958, Mayr 1963, Morse 1989) and frequently exhibit 

high levels of sympatry throughout their range, resulting in high local and regional 

diversity on the breeding grounds.  

Maintaining avian diversity in forest ecosystems has been shown to afford many 

benefits for forest health and productivity (Krieger 2001). However, alterations to the 

historical disturbance regimes within boreal and hemiboreal forests have impacted bird 

communities, and the ability of landscapes to meet the ecological needs of breeding forest 

birds has become a growing concern (Robinson et al. 1995, Morrison et al. 2006). 

Historically, forest fire has been the dominant regeneration force in many regions; 

however, logging and other human disturbances have become the predominate cause of 

forest change. Over the past 100 years in the upper Midwestern US, forest management 

practices have altered the scale, structure, and rate of forest disturbances (Mladenoff et al. 

1993, Heinselman 1996, Schulte et al. 2007, Frelich et al. 2012).  

As changes in forest landscapes continue, landscape effects may become 

increasingly important drivers of population dynamics for forest dwelling species. 

However, while contemporary boreal and hemiboreal forest landscapes are composed of 
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relatively small patches in the landscape compared with historic conditions, the 

consequences of landscape change in managed forests are likely to differ from highly 

fragmented systems. For example, Andren (1994) suggests negative area effects are more 

likely to be observed in landscapes having less than approximately 30% of suitable 

habitat, although this threshold varies depending on the landscape context (Monkkönen 

and Reunamen, 1999). Further, many studies in highly fragmented landscapes have 

focused on the negative effects of edge as related to an increase in nest predators and nest 

parasites (Flaspohler et al. 2001, Manolis et al. 2002, Mattsson et al. 2006). These factors 

generally lower the breeding success and increase the probability of local extinction of 

some forest songbirds (Ambuel and Temple 1983, Wilcove et al. 1986, Small and Hunter 

1988). However, Hanski et al. (1996) found no evidence that nesting success for 33 bird 

species was influenced by proximity to the edge in forested landscapes. A complex 

landscape composed of a variety of habitats and edges may be beneficial for some bird 

species in a forested landscape (Hawrot and Niemi 1996).  

Habitat use by bird species are influenced by many factors, including the quantity, 

quality, distribution, and juxtaposition of habitats and resources across the landscape 

(Wiens 1986). Temporal and spatial shifts in habitat use are likely influenced by species-

specific life history traits, intra- and inter-specific interactions, and spatial arrangements 

of available resources. Large scale population dynamics are a result of complex 

interactions that occur at multiple spatial and temporal scales that vary among species 

(Wiens 1989). Species characteristics such as density, habitat use, body size, and clutch 

size are likely associated with the importance of landscape features for persistence of 
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species in forest stands over time. For example, species with high densities are more 

likely to have higher colonization rates due to density-dependent mechanisms (Matthysen 

2005), and species with narrow habitat breadth may be restricted to forest stands that 

meet specific micro-habitat requirements (e.g., dead trees; Auer and King 2014). 

Understanding mechanisms associated with species occupancy dynamics is critical for 

understanding long term population trends and factors that contribute to species 

persistence and the maintenance of biodiversity.  

I used data from the Minnesota National Forest Breeding Bird Program, a long-

term, large scale study to assess population dynamics of forest bird species in two 

national forests (Niemi et al. 2015). The project was established in 1995 in response to 

concerns about biodiversity and population declines of migrating passerines (Hanowski 

and Niemi 1995, Niemi et al. 2015). I use metapopulation theory as an interpretative 

framework to evaluate the general characteristics of population dynamics and factors 

associated with local extinction and colonization for 22 wood warbler species (Table 5) 

over a 20 year (1995-2014) time period. Metapopulations offer a conceptual framework 

for considering population dynamics over time at large spatial scales and has been 

increasingly applied to conservation and management (McCullough 1996, Kennedy et al. 

2011). This approach will aid in understanding complex spatio-temporal dynamics of 

warbler populations by directly addressing the underlying processes of local extinction 

and colonization (Fahrig 2003, Lampila et al. 2005, Moilanen 2002, MacKenzie et al. 

2006). 
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I applied dynamic patch-occupancy models to examine the mechanisms of 

colonization and extinction to warbler populations trends over a 20 year time frame 

(MacKenzie et al. 2006). Specific research objectives include: 1.) Characterize the long-

term population dynamics in managed forests for 22 warbler species 2.) Determine the 

relative influence of patch size and edge at 100m, 500m, and 1000m scales on the 

probability of local extinction, 3.) Determine the influence of habitat composition, patch 

size, and edge at 100m, 500m, and 1000m scales on the probability of colonization 4.) 

Assess the relationship of species life history and ecological traits as explanations for the 

observed occupancy dynamics.  
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Common 

Name 

Scientific 

Name 
Observations 

Body 

mass (g) 

Clutch 

size 

Average 

density 
SSI 

American 

Redstart 

Setophaga 

ruticilla 
4274 7.5 3.0 0.96 1.16 

Black-and-

white Warbler 

Mniotilta 

varia 
3983 11.5 5.0 0.67 0.30 

Blackburnian 

Warbler 

Setophaga 

fusca 
4142 11.0 4.0 0.62 0.58 

Black-throated 

Blue Warbler 

Setophaga 

caerulescens 
193 10.0 3.5 0.03 1.04 

Black-throated 

Green Warbler 

Setophaga 

virens 
3644 9.0 4.0 0.56 0.67 

Canada 

Warbler 

Cardellina 

canadensis 
2048 11.0 4.0 0.29 0.82 

Cape May 

Warbler 

Setophaga 

tigrina 
380 10.5 6.5 0.05 0.94 

Connecticut 

Warbler 

Oporornis 

agilis 
232 10.5 4.0 0.03 2.13 

Table 5. List of warbler species and associated ecological and life history traits used in 

analyses. Observations are the total number of individuals detected within 100m radius 

from 1995-2014 in Chippewa and Superior NF stands. Average body mass was estimated 

by taking the reported mean mass for each species and clutch size was calculated by 

multiplying the mean number of broods per year by the mean clutch size (Freemark and 

Merriam 1986, Poole (ed.) 2005). Average density (detections/ stand/ year) and SSI 

(Julliard et al. 2006) were calculated using data from the Minnesota National Forest 

Breeding Bird Program (Niemi et al. 2015).  
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Common 

Yellowthroat 

Geothlypis 

trichas 
2626 9.5 3.5 0.45 0.53 

Chestnut-sided 

Warbler 

Setophaga 

pensylvanica 
9886 15.0 4.0 1.68 0.56 

Golden-winged 

Warbler 

Vermivora 

chrysoptera 
581 9.0 4.5 0.10 0.87 

Magnolia 

Warbler 

Setophaga 

magnolia 
2611 10.5 5.0 0.37 0.62 

Mourning 

Warbler 

Geothlypis 

philadelphia 
3342 12.0 3.5 0.59 0.56 

Nashville 

Warbler 

Oreothlypis 

ruficapilla 
14853 9.5 4.5 2.13 0.62 

Northern 

Parula 

Setophaga 

americana 
2057 8.0 4.5 0.32 0.67 

Northern 

Waterthrush 

Parkesia 

noveboracen

sis 

484 19.0 3.5 0.10 1.37 

Ovenbird 
Seiurus 

aurocapilla 
17118 22.0 4.5 2.88 0.40 

Pine Warbler 
Setophaga 

pinus 
1599 12.0 4.0 0.19 1.62 

Tennessee 

Warbler 

Oreothlypis 

peregrina 
212 10.5 5.5 0.03 0.74 

Palm Warbler 
Setophaga 

palmarum 
242 10.0 4.5 0.03 2.61 

Yellow-rumped 

(Myrtle) 

Warbler 

Setophaga 

coronata 
318 12.5 3.5 0.45 0.64 

Yellow 

Warbler 

Setophaga 

petechia 
3225 10.0 4.0 0.08 1.48 
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METHODS  

Study Area 

The Chippewa NF comprises over 269, 000 ha including 1,300 lakes and ponds, 

1,500 km, of running water, and 160,000 ha of wetlands (Figure 3). The Superior NF 

comprises over 1,580,000 ha with over 180,000 ha of open water and lakes, and over 

3,500 km of streams. Hemiboreal regions of northern Minnesota are made up of diverse 

forests and other vegetative types. The most representative forest cover types in Superior 

and Chippewa NFs are aspen (Populus spp.), birch (Betula papyrifera), spruce (Picea 

spp.), fir (Abies balsamea), tamarack (Larix laricina) and pine (Pinus spp.) forests 

(USDA 2012). The breeding bird communities of these forests, near the ecotone of boreal 

and northern temperate forests, are amongst the most diverse in North America (Niemi et 

al. 1998).  

Sampling 

Avian point count locations were distributed across the forest mosaic in a 

proportionately, stratified random manner (Figure 3; Hanowski and Niemi 1995). For 

each national forest, stands were randomly selected from each habitat and age class so the 

final proportion of stands of each cover type was equal to the proportion of forested land 

available. The sample of stands is therefore representative of the forest cover in each 

national forest. A total of 125 and 183 stands were established in the Chippewa and 

Superior National Forest, respectively. Stands were large enough to accommodate three 

sampling points separated by a minimum of 220 m. Point count sampling in the 

monitoring program followed national and regional standards (Ralph et al. 1995, Howe et 
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Figure 3. Stand locations of forest breeding bird point counts (A.) in northern 

Minnesota’s Chippewa (B.) and Superior (C.) National Forests. Each dot represents a 

node where 3 to 5 forest stands were sampled and each node was selected in a random, 

stratified manner (Niemi et al. 2015). 
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al. 1997). Ten-minute point counts were conducted at each point between June and early 

July (Hanowski et al. 1995, Etterson et al. 2009, Niemi et al. 2015). Point counts were 

conducted by trained observers from approximately 0.5 hour before to 4 hours after 

sunrise on days with little wind (< 15 km/hr) and little or no precipitation. All birds heard 

or seen from the point were recorded, and distance was estimated within 50 m, 100 m, 

and beyond 100 m (Howe et al. 1997). Observers were instructed to avoid double-

counting individuals heard at different points. Data used for analyses were limited to 

detections that occurred in the 100m radius. 

Habitat and Landscape Variables 

A total of 308 stands (924 points) were included in the analysis; 183 stands (549 

points) in Superior National Forest and 125 stands (375 points) in Chippewa National 

Forest. Habitat composition and landscape variables were quantified with the use of 

geographic information system (GIS) in ArcMap 10.2 (Environmental Systems Research, 

Inc., Redlands, CA). Stands were analyzed with GIS buffers of 100m (9.4 ha), 500m 

(235.6 ha), and 1000m (942.5 ha) by placing a buffer around each point count location 

and taking the union to form one asymmetrical buffer (Figure 4; Lapin et al. 2013). 

Percent land cover type in each buffer was calculated using the National GAP Land 

Cover data which uses Landsat 1999-2001 imagery as the base for its models and 

provides land cover data at a 30 by 30-m resolution  (USGS 2011). Forest Inventory 

Analysis (FIA) data was also used to confirm locations and record the extent of logging 

that occurred within buffers. Land cover types were aggregated into lowland coniferous 

forest, lowland mixed forest, upland coniferous forest, upland deciduous forest, upland  
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mixed forest, open (e.g., clearcut areas, pasture, shrub lands) and aquatic (e.g., lakes, 

ponds). Patch Analyst 5 application for ArcGIS (Rempel et al. 2012) was used to 

calculate mean patch size (ha) and total edge (m) for each buffer size (McGarigal and 

Marks 1995). To calculate habitat composition variables, land cover types were further 

aggregated to broad classifications of upland, lowland, and open cover; percent cover for 

each classification was calculated in each buffer size around the stands. Covariates were 

evaluated for normality and heteroscedasticity and transformed if necessary. Logging 

disturbance in all survey stands was approximately 1% annually (Niemi et al. 2015). 

There were no logging disturbances that affected an entire stand. For this reason I chose 

to incorporate logging disturbance as a function of mean patch size (i.e., mean patch size 

of an upland deciduous stand at the 100m scale would be smaller in stands that were 

logged stands compared with undisturbed stands) and percent open  cover.   

Figure 4. Land-cover and patch configuration of two upland deciduous stands 

representing (A.) stands with high mean patch size and low total edge and (B.) low 

mean patch size and high total edge in the 100m, 500m, and 1000m  buffers. Each 

stand consists of three point count locations. 
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Occupancy Models 

A single species, multi-season occupancy modeling framework (MacKenzie et al. 

2002) was used to evaluate warbler occupancy dynamics. Multi-season occupancy 

modeling allows spatial and temporal dynamics of populations to be modeled and 

accounts for detection heterogeneity. These models use information (detection or non-

detection) from repeated observations (detection history; multiple points per stand) to 

estimate detectability (MacKenzie et al. 2006; Figure 5). Multi-season occupancy models 

assume the population is open between seasons or that species can go locally extinct and 

species can colonize previously unoccupied patches between years. Multi-season 

occupancy modeling considers the dynamic changes in occupancy as a first-order 

Markov process (MacKenzie et al. 2006) where the probability of a site’s being occupied 

in year t+1 depends only upon the occupancy state of the site in the previous year, t. 

Modeling changes in occupancy as a Markov process accounts for temporal 

autocorrelation (MacKenzie et al. 2006) when observations on the same sampling unit are 

positively correlated. Parameter estimates were related to survey characteristics using the 

logistic equation or logit-link function and maximum likelihood techniques are  used to 

estimate model parameters. This framework was used to develop a set of candidate 

models that address competing hypotheses of occupancy dynamics. For all model sets, 

initial occupancy was always modeled without any covariates to focus investigation on 

rate parameters (after Ferraz et al. 2007). 

Four parameters were estimated based on multi-year occupancy models (Figure 

5): initial occupancy (ψ), and the probabilities of local colonization (γ), local extinction  



 

 63 

 

 

 

 

 

 (ε), and species detection (p). Initial occupancy (ψ0) is the probability that a sampled 

patch is occupied by a species in the initial year (1995). Local extinction probability (εt) 

is the probability that a patch occupied by that species at year t is no longer occupied by 

the species at year t+1 (i.e., the species goes locally extinct in the patch). Local 

colonization probability (λt) is the probability that a patch unoccupied by a species at year 

t becomes occupied at year t+1. Detection probability (pt) is the probability that at least 

one individual of a species is detected in year t. This modeling framework includes 

detection probability as a variable that is simultaneously estimated with local extinction 

and colonization probabilities via likelihood maximization (MacKenzie et al. 2003, 

MacKenzie et al. 2006). I ranked models based on the second-order Akaike's information 

criterion (AICc), and the strength of evidence of each model was determined using ∆AICc 

and associated model weight (wi) (Burnham and Anderson 2002). All analyses were 

implemented with the program PRESENCE 6.9 (Hines 2006) to obtain maximum 

likelihood parameter estimates.  

Figure 5. Representation of how the occupancy state of a site may change between 

seasons in terms of occupancy (ψ), colonization (λ), and local extinction (ε). Modified 

from figure 7.2 in MacKenzie et al. (2006).  
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Initial modeling of habitat type and observer effects on p resulted in extensive 

model convergence and parameter estimation problems. For all species included in initial 

analysis, models with observer as a covariate of p did not converge. Thus I chose to 

model detection probability as function of year to represent differences in observers 

between seasons. I modeled p as constant (without a covariate relationship) and as a 

function of year (Table 6). Using the most general model structure for occupancy 

dynamics I selected the covariate for  p with the lowest AICc, and then fit the remaining 

occupancy models separately for each bird species. 

Metapopulation dynamics 

I developed candidate models to determine whether warbler populations exhibit 

metapopulation dynamics. Models also determine whether populations are in a state of 

equilibrium in terms of occupancy dynamics and are better represented by random or 

Markovian processes (Franklin et al. 1996). Equilibrium can be defined in two ways, in 

terms of occupancy or in terms of the dynamic parameters. I used the latter definition 

where equilibrium indicates colonization and local extinction probabilities are constant 

over time. Six models were used to test these hypotheses (Table 6). (1) The first model 

represents no changes in occupancy status of stands where colonization and extinction 

probabilities are set to zero. This model suggests that bird nesting sites are well 

established and the occupancy state is static throughout the 20 years of the study 

(MacKenzie et al. 2006). (2) The second set of models tests for random changes in 

occupancy where the probability of occupancy does not depend on whether the site has 

previously been occupied by setting the sum of the extinction and colonization rates 
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equal to one (MacKenzie et al. 2006). This model suggests low site fidelity for the 

species and tests for random changes in stand occupancy at equilibrium. (3) Model 3 tests 

for random changes and the probability of occupancy may vary among years (non-

equilibrium). To test for Markovian changes in occupancy, or high site fidelity, the 

models are set so colonization and local extinction probabilities are estimated separately. 

(4 & 5) Models 4 and 5 represent the equilibrium and non-equilibrium hypotheses with 

Markovian changes, respectively (MacKenzie et al. 2006). (6) Model 6 represents 

occupancy that is constant for 20 years, whereas models 1-5 estimate initial occupancy 

(1995) and occupancy in subsequent years is determined based on annual colonization 

and local extinction probabilities (MacKenzie et al. 2006).  

Local extinction dynamics 

  I hypothesize that local extinction processes are associated with stand-level 

characteristics. Therefore, I predict models with parameters calculated at the 100m buffer 

size will be the best performing models. Further, I hypothesize that the significance of 

patch size and edge will vary with species and are related to ecological traits of each 

species. I developed eight candidate models (Table 6; models 7-14) to determine the scale 

of and effect of landscape factors associated with local extinction processes. This model 

set tests whether local extinctions are related to mean patch size (mps; Table 6; models 9-

11) or total edge (edge; Table 6; models 12-14) within each buffer size.  

Colonization dynamics 

Colonization processes are generally thought of as a function of patch isolation; 

however, recent literature suggests landscape matrix plays an important role in habitat 
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selection (Kennedy et al. 2011, Lapin et al. 2013). I developed 16 candidate models 

(Table 6; models 15-29) to determine the relative importance of habitat composition 

(models 17-25), patch size (Table 6; models 26-28), and edge (Table 6; models 29-31) on 

colonization processes. These variables were calculated at three spatial scales to 

determine the scale at which colonization occurs for each species. I hypothesize that 

colonization is influenced by the composition and structure of the landscape at large 

spatial scales and the influence of habitat type and landscape parameters will vary with 

species.  

Life History and Ecological Traits 

Warbler species were grouped based on results of the best models for 

metapopulation dynamics, local extinction, and colonization models to characterize 

potential differences in ecological and life history traits. I used student t-tests to assess 

differences between species traits that may contribute to occupancy dynamics. 

Specifically, I compared differences in density, average body mass, average clutch size, 

and habitat breadth [based on Species Specialization Index (SSI), Julliard et al. 2006] 

between species that showed the most support for equilibrium or non-equilibrium models 

and between species that had landscape factors included in best models for local 

extinction and colonization model subsets. Average density and SSI were calculated 

using data from the Minnesota National Forest Breeding Bird Program, body mass and 

clutch size data came from Freemark and Merriam (1986) and species reports from Birds 

of North America (Poole (ed.) 2005) and references therein. Average body mass (g) was 

estimated by taking the reported mean mass (the mean of male and female body mass 
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when both are available) for each species. Average clutch size was calculated by 

multiplying the mean number of broods per year by mean clutch size. Average density 

was calculated as total number of detections divided by number of stands surveyed per 

year (detections/ stand/ year).   

Differences in habitat use can be expressed as a gradient of habitat specialization 

(ranging from habitat generalists to habitat specialists).The breadth of the habitat niche 

reflects the difference between species that are spread across all or many possible habitat 

structures (generalists) and those restricted to a few habitats (specialists) at large spatial 

scales. The variance in the densities of a specialist species across a fixed number of 

habitat types should therefore be lower than that of a generalist (Devictor et al. 2010). To 

account for density variation across habitat type, I quantified the degree of habitat 

specialization as the variance of average densities among habitat classes used in the 

monitoring program. To obtain a metric statistically independent of the average species 

density, I chose the coefficient of variation (standard deviation/average) as a measure of 

each species specialization index (SSI, Julliard et al. 2006). Species with low SSI are 

considered generalist species and utilize a variety of habitats whereas species with high 

SSI are considered habitat specialists.  
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Candidate 

models 
    

Initial 

Occupancy 
Colonization 

Local 

extinction 
Detection 

Metapopulation Dynamics Model Subset 

No changes 

in occupancy 

over time 

1   ψ(.) γ(0) ε(0) p(.) p(yr) 

Random 

changes in 

stand 

occupancy 

  

2 Equilibrium ψ(1995) γ(.) (ε= 1-γ)  p(.) p(yr) 

3 
Non-

equilibrium 
ψ(1995) γ(year) (ε= 1-γ)  p(.) p(yr) 

Markovian 

occupancy 

dynamics 

  

  

4 Equilibrium ψ(1995) γ(.) ε(.)  p(.) p(yr) 

5 
Non-

equilibrium 
ψ(1995) γ(year) ε(year)  p(.) p(yr) 

6 
Occupancy 

is constant 
ψ(1995) γ(.) . p(.) p(yr) 

Local Extinction Candidate Model Subset 

Extinction is 

constant over 

time 

7   ψ(1995) γ(.) ε(.)  p(.) p(yr) 

Table 6. Candidate occupancy models used for 22 warbler species in Superior and 

Chippewa NF detected from 1995-2014. Candidate models were dived into three subsets, 

metapopulation dynamics, local extinction, and colonization, to assess different aspects of 

occupancy dynamics. Detection probability was modeled as constant or with annual 

variation for each model.  
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Extinction 

varies over 

time 

8   ψ(1995) γ(.) ε(year)  p(.) p(yr) 

Extinction 

varies with 

patch size 

  

  

9 100m ψ(1995) γ(.) ε(mps100*) p(.) p(yr) 

10 500m ψ(1995) γ(.) ε(mps500*) p(.) p(yr) 

11 1000m ψ(1995) γ(.) ε(mps1000*) p(.) p(yr) 

Extinction 

varies with 

total edge 

  

  

12 100m ψ(1995) γ(.) ε(edge100)  p(.) p(yr) 

13 500m ψ(1995) γ(.) ε(edge500)  p(.) p(yr) 

14 1000m ψ(1995) γ(.) ε(edge1000)  p(.) p(yr) 

Colonization Candidate Model Subset 

Colonization 

is constant 

over time 

15   ψ(1995) γ(.) ε(.)  p(.) p(yr) 

Colonization 

varies over 

time 

16   ψ(1995) γ(year) ε(.)  p(.) p(yr) 

Colonization 

varies with 

matrix 

composition 

  

  

17 100m ψ(1995) 
γ(%Lowlan

d100*) 
ε(.)  p(.) p(yr) 

18   ψ(1995) 
γ(%Upland1

00) 
ε(.)  p(.) p(yr) 
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19   ψ(1995) 
γ(% 

Open100*) 
ε(.)  p(.) p(yr) 

20 500m ψ(1995) 
γ(%Lowlan

d500*) 
ε(.)  p(.) p(yr) 

21   ψ(1995) 
γ(%Upland5

00) 
ε(.)  p(.) p(yr) 

22   ψ(1995) 
γ(% 

Open500*) 
ε(.)  p(.) p(yr) 

23 1000m ψ(1995) 
γ(%Lowlan

d1000*) 
ε(.)  p(.) p(yr) 

24   ψ(1995) 
γ(%Upland1

000) 
ε(.)  p(.) p(yr) 

25   ψ(1995) 
γ(% 

Open1000*) 
ε(.)  p(.) p(yr) 

Colonization 

varies with 

mean patch 

size (ha) 

  

  

26 100m ψ(1995) γ(mps100*) ε(.)  p(.) p(yr) 

27 500m ψ(1995) γ(mps500*) ε(.)  p(.) p(yr) 

28 1000m ψ(1995) 
γ(mps1000*

) 
ε(.)  p(.) p(yr) 

Colonization 

varies with 

total edge (m) 

  

  

29 100m ψ(1995) γ(edge100) ε(.)  p(.) p(yr) 

30 500m ψ(1995) γ(edge500) ε(.)  p(.) p(yr) 

31 1000m ψ(1995) γ(edge1000) ε(.)  p(.) p(yr) 

 

 

*Log (base 10) transformed before analysis 
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RESULTS 

Sample Summary 

Stands surveyed in Chippewa and Superior NFs were composed of five forest 

cover type classifications and two additional cover types (open and aquatic) that were 

associated with buffers. Habitat composition and landscape characteristics varied among 

habitat types (Figure 6). Number of bird observations in Superior and Chippewa NF 

ranged from 193 for Black-throated Blue Warblers to 17,118 Ovenbirds over the 20 year 

study. There were minimal observations of Black-throated Blue Warblers (n= 8), Cape 

May Warblers (n= 17), and Tennessee Warblers (n= 8) in Chippewa NF; therefore 

analyses for these species were restricted to Superior NF. Similarly, Palm Warbler 

detections in Superior NF were minimal (n= 12), and thus analyses for this species were 

restricted to Chippewa NF.  

Estimated Occupancy and Detections 

Initial occupancy estimates averaged across habitats ranged from 0.04 to 0.83, and 

estimated species detection ranged from 0.16-0.71 across species based on top models 

(Table 7). The most supported models for most species (n=19) allowed detectability to 

vary by year (Table 8). However, for three species, Black-throated Blue Warbler, 

Connecticut Warbler, and Palm Warbler the probability of detection was constant in the 

best performing models. I used the best covariate structures on detection probability for 

each species to investigate covariate relationships with the rate parameters (Table 7; 

Appendix A).  
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Figure 6. Summary of (A.) mean patch size, (B.) total edge, (C.) percent open, 

and (D.) percent aquatic for 100m (9.4 ha), 500m (235.6 ha), and 1000m (942.5 

ha) buffers around survey stands by habitat in Superior and Chippewa NF. Land 

cover types were aggregated to lowland coniferous forest, lowland mixed forest, 

upland coniferous forest, upland deciduous forest, upland mixed forest, open, and 

aquatic to determine landscape metrics associated with stands at each buffer size. 

Error bars represent standard deviations.  
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Species Detectability 
Metapopulation 

Dynamics 

Local Extinction 

Variable 

Colonization 

Variable 

American 

Redstart 
Year 

M. non-

equilibrium 

Mean patch size 

500m (-) 
Year 

Black-and-white 

Warbler 
Year 

M. non-

equilibrium 

Total edge 100m 

(-) 
Year 

Blackburnian 

Warbler 
Year 

M. non-

equilibrium 

Total edge 500m 

(-) 

Mean patch size 

500m (-) 

Black-throated 

Blue Warbler1 
Constant 

M. equilibrium 

(Occupancy is 

constant) 

Mean patch size 

1000m (-) 
Constant 

Black-throated 

Green Warbler 
Year M. equilibrium Constant Constant 

Canada Warbler Year 

M. equilibrium 

(Occupancy is 

constant) 

Total edge 100m 

(-) 
Constant 

Cape May 

Warbler1 
Year M. equilibrium Constant 

Mean patch size 

500m (-) 

Chestnut-sided 

Warbler 
Year 

M. non-

equilibrium 

(Occupancy is 

constant) 

Year Year 

     

Table 7. Summary description of best models for each candidate model subset for 22 

warbler species detected in Superior and Chippewa NF from 1995–2014. Models in 

bold are overall best models based on AICc values for each species. Models in 

parentheses are within 2 ΔAICc units of the top model, and considered equally 

supported. The (-) or (+) indicate relationship of variables based on parameter 

estimates. 
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Common 

Yellowthroat 
Year 

M. non-

equilibrium 
Year (constant) Year 

Connecticut 

Warbler 
Constant M. equilibrium 

Total edge 1000m 

(+) 
Constant 

Golden-winged 

Warbler 
Year M. equilibrium Constant Constant 

Magnolia 

Warbler 
Year 

M. non-

equilibrium 

Total edge 

(1000m and 

500m) (-) 

Year 

Mourning 

Warbler 
Year M. equilibrium 

Total edge 1000m 

(+) 
Constant 

Nashville 

Warbler 
Year 

M. non-

equilibrium 
Year 

Mean patch size 

500m (-) 

Northern Parula Year M. equilibrium 
Total edge 100m 

(-) 
Constant 

Northern 

Waterthrush 
Year M. equilibrium 

Total edge 100m 

(-) 
Constant 

Ovenbird Year 
M. non-

equilibrium 
Year 

Percent lowland 

habitat 100m (-) 

Pine Warbler Year M. equilibrium Year Constant 

Tennessee 

Warbler1 
Year M. equilibrium 

Mean patch size 

(100m, 500m) (+) 

Mean patch size 

1000m (-) 

Palm Warbler2 Constant 

M. equilibrium 

(Occupancy is 

constant) 

Mean patch size 

100m (-) 
Constant 
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Yellow Warbler Year M. equilibrium Constant Constant 

Yellow-rumped 

Warbler 
Year 

M. non-

equilibrium 

Total edge 1000m 

(+) 

Mean patch size 

500m (-) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
 Species analyses included only observations from Superior NF due to low sample size 

in Chippewa NF. 

2
 Species analyses included only observations from Chippewa NF due to low sample 

size in Superior NF. 
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  Occupancy Detection 

Species ψ se p se 

American Redstart 0.32 0.03 0.47 0.04 

Black-and-white Warbler 0.61 0.06 0.31 0.02 

Blackburnian Warbler 0.41 0.04 0.37 0.03 

Black-throated Blue Warbler*1 0.08 0.03 0.37 0.02 

Black-throated Green Warbler 0.31 0.03 0.42 0.03 

Canada Warbler 0.36 0.04 0.28 0.03 

Cape May Warbler1 0.27 0.07 0.33 0.03 

Chestnut-sided Warbler 0.63 0.03 0.54 0.03 

Common Yellowthroat 0.33 0.04 0.33 0.03 

Connecticut Warbler* 0.12 0.03 0.16 0.02 

Golden-winged Warbler 0.16 0.03 0.28 0.04 

Magnolia Warbler 0.51 0.05 0.28 0.02 

Mourning Warbler 0.58 0.05 0.33 0.03 

Nashville Warbler 0.72 0.03 0.67 0.02 

Table 8. Estimated probabilities of initial occupancy and detection for each species, based 

on top models (see Table 4 for model structures). Probability of occupancy was based on 

constant occupancy across all habitat types. Probability of detection was average detection 

over 20 year time period unless otherwise noted. 
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Northern Parula 0.30 0.04 0.38 0.03 

Northern Waterthrush 0.07 0.03 0.18 0.04 

Ovenbird 0.83 0.02 0.71 0.02 

Pine Warbler 0.19 0.03 0.34 0.04 

Tennessee Warbler1 0.55 0.32 0.39 0.03 

Palm Warbler*2 0.11 0.03 0.37 0.02 

Yellow Warbler 0.04 0.02 0.48 0.06 

Yellow-rumped (Myrtle) Warbler 0.48 0.04 0.33 0.04 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Estimates of detectability were constant over time. 
1
 Species analyses included only observations from Superior NF 

due to low sample size in Chippewa NF. 

2
 Species analyses included only observations from Chippewa NF 

due to low sample size in Superior NF. 
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Occupancy Model Results 

Dynamics 

Overall, 10 species showed the most support (AICc weight > 90%) for Markovian 

equilibrium model and 8 species for the Markovian non-equilibrium model (Table 4; 

Appendix A). Three species showed mixed support for Markovian equilibrium models 

and constant occupancy model. One species, Chestnut-sided Warbler, had equal support 

for the Markovian non-equilibrium model and constant occupancy model (Table 4). 

Local extinction 

Total edge was negatively associated with the probability of local extinction for 

nine species, but the scale for the best models varied by species (Table 7 and Table 9). 

Mean patch size was included in the best performing models for four species; mean patch 

size negatively affected local extinction probability for three species (American Redstart, 

Black-throated Blue Warbler, and Palm Warbler) but was positively associated with 

Tennessee Warblers. Local extinction probabilities that vary by year were the best 

models for four species, and extinction probabilities that remain constant over time was 

the best performing model for three species. Four species, Black-throated Green Warbler, 

Cape May Warbler, Golden-winged Warbler, and Yellow Warbler had local extinction 

probabilities that are constant. Two species, Cape May Warbler and Common 

Yellowthroat, had mixed support for annual variation and constant local extinction 

probabilities.  
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 Local extinction Colonization 

Species β(.) β(year) β(mps) β(edge) β(.) β(yr) β(mps) 
β(%Low

land) 

American 

Redstart 
- - 

-1.27 

(500m) 

(0.10) 

- - 
-1.98 

(0.33) 
- - 

Black-and-

white 

Warbler 

- - - 

-0.01 

(500m) 

(0.00) 

- 
-2.36 

(0.72) 
- - 

Blackburnian 

Warbler 
- - - 

-0.01 

(500m) 

(0.00) 

- - 

-1.58 

(500m) 

(0.09) 

- 

Black-

throated Blue 

Warbler * 

- - 

-1.82 

(1000

m) 

(0.3) 

- 
-3.59 

(0.16) 
- - - 

Black-

throated 

Green 

Warbler 

-1.67 

(0.09) 
- - - 

-2.09 

(0.07) 
- - - 

Canada 

Warbler 
- - - 

-0.04 

(100m) 

(0.00) 

-2.53 

(0.84) 
- - - 

Cape May 

Warbler 

-1.25* 

(0.26) 
- - - - - 

-3.81 

(1000

m) 

(0.2) 

- 

Chestnut-

sided Warbler 
- 

-1.82 

(0.32) 
- - - 

-1.59 

(0.40) 
- - 

Common 

Yellowthroat 

-2.17* 

(0.97) 
- - - - 

-2.62 

(0.62) 
- - 

Connecticut 

Warbler * 
- - - 

0.02 

(1000m) 

(0.00) 

-4.78 

(0.25) 
- - - 

Table 9. Parameter estimates (Beta coefficients) (± 1 SE) for best performing models for 

local extinction and colonization model subset for each species. Estimates are based on 

the logit scale. Refer to Table 2 for explanations of covariates. 
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Golden-

winged 

Warbler 

-2.11 

(0.18) 
- - - 

-4.11 

(0.15) 
- - - 

Magnolia 

Warbler 
- - - 

-0.07 

(1000m 

and 

500m)* 

(0.00) 

 

-0.69 

(0.26) 
- - 

Mourning 

Warbler 
- - - 

0.01 

(1000m) 

(0.00) 

-1.97 

(0.10) 
- - - 

Nashville 

Warbler 
- 

-2.17 

(0.33) 
- - - - 

-0.87 

(500m) 

(0.70) 

- 

Northern 

Parula 
- - - 

-0.01 

(100m) 

(0.00) 

-2.52 

(0.09) 
- - - 

Northern 

Waterthrush 
- - - 

-0.01 

(100m) 

(0.00) 

-1.62 

(0.18) 
- - - 

Ovenbird - 
-3.36 

(0.53) 
- - - - - 

-0.90 

(100m) 

(0.07) 

Pine Warbler - 
-2.22 

(0.72) 
- - 

-2.02 

(0.12) 
- - - 

Tennessee 

Warbler 
- - 

1.66 

(100m) 

(0.88) 

- - - 

-3.19 

(1000

m) 

(0.28) 

- 

Palm  

Warbler * 
- - 

-4.21 

(100m) 

(0.7) 

- 
-2.10 

(0.30) 
- - - 

Yellow 

Warbler 

-1.35 

(0.26) 
- - - 

-3.80 

(0.13) 
- - - 

Yellow-

rumped 

Warbler 

- - - 

0.01 

(1000m) 

(0.01) 

- - 

-1.38 

(500m) 

(0.09) 

- 

*Indicates model averaged estimates. 

 

 



 

 81 

Colonization 

The best models for eleven species showed that the probability of colonization 

was constant over time, and probability of colonization varied by year for five species 

(Table 9). Mean patch size was a significant predictor of colonization probabilities for 

five species; best models for three species (Blackburnian Warbler, Nashville Warbler, 

and Yellow-rumped Warbler) were at the 500 m scale and two species (Cape May 

Warbler and Tennessee Warbler) at the 1000m scale. Mean patch size was negatively 

associated with colonization probability for these species (Table 9). The best colonization 

model for the Ovenbird indicated that percent of lowland habitat at the 100m scale was 

negatively associated with colonization (Table 9).  

Scale 

 Overall, best models indicated that different species’ dynamics respond to 

different scales. Best extinction models included 5 at the 100m, 2 at the 500m scale, and 

4 at the 1000m scale. Whereas best colonization models included 1 at the 100m scale, 3 

at the 500m scale, and 2 at the 1000m scale (Table 9). 

Relative Support of Models Across Species 

For each model subset (metapopulation dynamics, local extinction, and 

colonization model subsets), I averaged the weight of each model across all species to 

determine the most supported model structure for the warbler community (Kennedy et al. 

2011). Results for the metapopulation dynamics subset showed that Markovian 

equilibrium models had the most support across species (average wi = 0.47), followed by 

the Markovian non-equilibrium model (average wi = 0.39). The constant occupancy 
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model also had some support across species (average wi = 0.14); Table 10). Results for 

the local extinction model subset revealed three models had relatively equal support; 

extinction probability varied by year (average wi = 0.21), constant probability of 

extinction (average wi = 0.19), and probability varied with total edge at the 100m scale 

(average wi = 0.19; Table 10). The most supported model across species for the 

colonization model subset was constant probability over time (average wi = 0.47). Two 

additional models; colonization varied by year (average wi = 0.24) and probability of 

colonization varied with patch size at the 500m scale (average wi = 0.15) were also 

supported (Table 10). 

Life History and Ecological Traits  

Average densities of warbler species ranged from 0.03 detections/ stand/ year 

(Black-throated Blue Warbler) to 2.9 detections/ stand/ year (Ovenbird). Black-and-

White Warblers had the lowest SSI (SSI = 0.3), indicating this species had the most 

general habitat use in the study area, and Palm Warbler showed the highest habitat 

specialization (SSI = 2.6). Average clutch size for all warbler species was 4.2 eggs per 

season, and average body mass for all warbler species was 11.4 g. American Redstarts 

had the smallest average clutch size (3 eggs), and body mass (9g), Cape May Warbler 

had the highest reported clutch size (6.5 eggs) and Ovenbird (22g)  had the highest 

average body mass.  
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Species with non-equilibrium dynamics had significantly higher density (t9.9= 

3.99, P< 0.01) and significantly lower SSI (generalists species) compared to species that 

showed equilibrium dynamics (t10.1= 3.10, P< 0.01; Figure 7). Density (t8.9= 1.53, P= 

0.16) and SSI (t10.1= 0.71, P= 0.49) did not differ significantly between species that had 

landscape factors associated with local extinction probabilities and those that did not 

(Figure 7). Density was significantly higher (t9.1= 2.25, P= 0.04) and SSI was 

significantly lower (t8.9= 2.32, P= 0.03) for species that had landscape effects included in 

colonization models (Figure 7). Body mass and clutch size did not differ between species 

that showed support for equilibrium or non-equilibrium dynamics (body mass: t13.7= 0.26, 

P= 0.80; clutch size: t18.0= 0.57, P= 0.57; Figure 7). There was also no significant 

difference between body mass and clutch size for species with or without landscape 

factors associated with local extinction (body mass: t13.8= 0.41, P= 0.69; clutch size: t17.3= 

0.83, P= 0.42; Figure 7), or colonization (body mass: t7.1=0.76, P= 0.47; clutch size: t6.4= 

1.57, P= 0.16; Figure 7) models.  
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Metapopulation Dynamics Model 
Average 

AICc w 

Std. 

Deviation 

No changes in occupancy over time   0.00 0.00 

Random changes in stand occupancy 

Equilibrium 0.00 0.00 

Non-equilibrium 0.00 0.00 

Markovian occupancy dynamics 

Equilibrium 0.47 0.43 

Non-equilibrium 0.39 0.47 

Occupancy is 

constant 
0.14 0.24 

Extinction Candidate Models       

Extinction is constant over time ε(.) 0.19 0.35 

Extinction varies over time ε(year) 0.21 0.38 

Extinction varies with patch size 

ε(mps100m) 0.07 0.21 

ε(mps500m) 0.05 0.16 

ε(mps1000m) 0.05 0.17 

Extinction varies with total edge 

ε(edge100m) 0.19 0.39 

ε(edge500m) 0.06 0.18 

ε(edge1000m) 0.15 0.33 

Colonization Candidate Models       

Colonization is constant over time γ(.) 0.47 0.48 

Table 10. Average AICc model weight and associated standard deviations of models by 

model subset to determine most supported model structure for the warbler community. 

Bolded values represent most supported models. 
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Colonization varies over time γ(year) 0.24 0.39 

Colonization varies with matrix 

composition 

γ(%Lowland100) 0.05 0.22 

γ(%Upland100) 0.00 0.00 

γ(% Open100) 0.00 0.00 

γ(%Lowland500) 0.00 0.00 

γ(%Upland500) 0.00 0.00 

γ(% Open500) 0.00 0.00 

γ(%Lowland1000) 0.00 0.00 

γ(%Upland1000) 0.00 0.00 

γ(% Open1000) 0.00 0.00 

Colonization varies with patch size 

γ(mps100) 0.01 0.05 

γ(mps500) 0.15 0.35 

γ(mps1000) 0.09 0.27 

Colonization varies with total edge 

γ(edge100) 0.00 0.00 

γ(edge500) 0.00 0.00 

γ(edge1000) 0.00 0.00 
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Figure 7. Average density, species specialization index (SSI), body mass, and clutch 

size for species (A. and B.) with non-equilibrium or equilibrium as best models for 

population dynamics, (C. and D.) with or without landscape effects in best models for 

local extinction, and (E. and F.) with or without  landscape effects in best models for 

colonization. *Indicates significance at P<0.05.  
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DISCUSSION 

My results show that long-term dynamics of 22 warbler species at large spatial 

scales were associated with species’ population density and habitat specialization. 

Landscape effects of mean patch size and total edge on local extinction and colonization 

dynamics and scale of importance were species specific. I show that generalist species 

were more likely to have landscape effects related to colonization, but probability of local 

extinction was not related to life history or ecological traits for warbler species in these 

forested areas.  

High local diversity and abundance of Parulids in the western Great Lakes region 

coupled with their evolutionary history made this group ideal for assessing population 

dynamics over time. Previous studies have found differentiation in foraging niche (e.g., 

MacArthur 1958, Morse 1989, Martin & Martin 2001), habitat use (e.g., Sherry and 

Holmes 1985), and phylogeny (Lovette & Hochachka 2006) related to local warbler 

diversity. The habitat concept is rooted in explanations of the factors, patterns, and 

processes that underlie the evolutionary history and fitness of birds at the individual, 

population, and community levels (Block and Brennan 1993). However, because habitat 

use is a result of complex interactions that occur at multiple spatial and temporal scales, it 

is important to assess patterns and processes at the landscape scale to improve our 

understanding of warbler ecology.  

Influence of Landscape Factors on Local Extinction and Colonization  

Three species, American Redstart, Black- throated Blue Warbler, and Palm 

Warbler had increased extinction probability associated with small patch sizes in the 
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landscape matrix. Effects of patch size were consistent with published literature for these 

species. American Redstarts have been reported as being area-sensitive in parts of their 

breeding range (Robbins 1979, Ambuel and Temple 1983, Robbins et al. 1989). Robbins 

et al. (1989) listed Black-throated Blue Warblers as area-sensitive, occurring mainly in 

forest tracts >100 ha. Delage et al. (2000) showed abundance of Palm Warblers increased 

with the size of residual patches of vegetation in mined bogs. 

Five species, Blackburnian Warbler, Cape May Warbler, Nashville Warbler, 

Tennessee Warbler, and Yellow-rumped Warbler, showed an increased probability of 

colonization in areas that have smaller mean patch sizes in the landscape.. Tennessee 

Warblers also had a positive relationship between local extinction probability and mean 

patch size; indicating persistence in smaller patches in the landscape. Results for 

Tennessee Warbler are consistent with published literature, Tennessee Warblers are 

commonly associated with open areas that contain grasses, dense shrubs, and scattered 

clumps of young deciduous trees (Welsh and Fillman 1980). These results are 

contradictory to suggested landscape relationships for the Blackburnian Warbler where 

others have considered it as a forest-interior species and sensitive to forest fragmentation 

(Hagan et al. 1996, Hobson and Bayne 2000). However, Tennessee Warbler, 

Blackburnian Warbler, and Cape May Warbler are considered spruce budworm 

(Choristoneura fumiferana) specialists  (Morse 1989, Christie 1993, Rimmer and 

Mcfarland 2012). While there have been no large spruce budworm outbreaks in the study 

area, there have been several small scale defoliation events of varying intensity that have 

occurred throughout the study (Wolter et al. 2008). Spruce budworrn disturbance creates 
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complex patchy patterns of tree mortality within the forest matrix (MacLean and 

Mackinnon 1997, Candau and Fleming 2005) and therefore, spruce budworm infested 

stands had a greater amount of open area and associated edge compared with  undisturbed 

stands.  

Total edge was an important variable associated with local extinction probability 

for nine species. Connecticut Warbler, Yellow-rumped Warbler, and Mourning Warbler 

showed lower probability of extinction in stands with less edge. These results are 

consistent with literature on the species, Freemark and Collins (1992) classified 

Mourning Warblers as area sensitive and Yellow-rumped Warblers as forest interior 

species. Lapin et al. (2013) reported Connecticut Warblers were associated with large 

patches of upland coniferous and black spruce forests. However, local extinction was 

lower in areas with high total edge in the landscape for six species: Black-and-white 

Warbler, Blackburnian Warbler, Canada Warbler, Magnolia Warbler, Northern Parula, 

and Northern Waterthrush.  

Black-and-white Warbler,  Blackburian Warbler, Canada Warbler, Magnolia 

Warbler, Nashville Warbler, Northern Parula, and Yellow-rumped Warbler are generally 

associated with coniferous and mixed coniferous-deciduous forests (Niemi et al. 2015), 

habitats that have relatively low mean patch sizes (Figure 6A) compared with other 

habitats in the study area. Additionally, Canada Warbler , Northern Parula, and Northern 

Waterthrush are commonly found in lowland and upland coniferous forests or near 

aquatic habitats (Morgan and Freedman 1986), these habitat types have high edge 

associations based on my landscape quantification approach (Figure 6B). Therefore, the 
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relationship with patch size and edge for these species may be a result of habitat 

preference and associated landscape characteristics of this habitat type within these study 

areas. The importance of edge in many of the occupancy models may be an evolutionary 

response to their use of the dynamic nature of these landscapes because of extensive 

historic fire regimes in the region (Mladenoff et al. 1993, Heinselman 1996).  

Life History and Ecological Traits Associated with Occupancy Dynamics 

Density and habitat use were associated with population dynamics in warbler 

populations; however, clutch size and body size were not. Species with non-equilibrium 

dynamics (local colonization and extinction probabilities that vary over time) were more 

likely to be generalist species, whereas habitat specialists showed equilibrium dynamics 

(constant colonization and local extinction probabilities over time). This result suggests 

that habitat specialist species may be restricted to forest stands that meet specific habitat 

requirements and allow their ability to persist in these stands over long periods of time.  

Species with low densities exhibited equilibrium dynamics whereas species with 

higher densities exhibited non-equilibrium dynamics. There were no differences in life 

history or ecological traits among species that had landscape variables associated with 

local extinction models and those that did not. This result suggests local extinction events 

were stochastic events or may be related to various biotic and abiotic factors that I did not 

include in the models. Species that had landscape factors associated with colonization 

models were more likely to be generalist species and have higher densities (Figure 7) 

compared to species that did not have landscape factors associated with colonization. 

Because habitat use and selection is a hierarchical process, species with specific habitat 
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needs may use a forest stand regardless of surrounding landscape features, whereas 

generalist species may select for stands based on habitat in conjunction with surrounding 

landscape characteristics.  

The results of population dynamics and colonization models are consistent with 

predictions associated with positive density-dependent dispersal; a process that has long 

been important to the study of populations. Historically, the impacts of density-

dependence have been studied in relation to fecundity and survivorship (Fowler 1981, 

Murdoch 1994, Newton 1998, Saether et al. 2002). However, with recent emphasis on the 

importance of spatial processes in population biology (Hanski and Gilpin 1997, Clobert 

et al. 2001), there has been an increased interest in the importance of density-dependence 

on movement rates (Matthysen 2005), and many studies have shown that high local 

densities are associated with higher dispersal rates in many species (McPeek and Holt 

1992, Poethke and Hovestadt 2002). Rodrigues and Johnstone (2014) found temporally 

unstable or unpredictable environments favor positive density-dependent dispersal (i.e., 

more dispersal from high-quality, high-density patches). A major difficulty in addressing 

the relationship between density and dispersal is that dispersal is exceptionally difficult to 

quantify (Paradis et al. 1998, Colbert et al. 2001). While dispersal rates cannot be 

assessed from data I collected, colonization rates have been used to provide an estimate 

of the magnitude of effective dispersal (Frisch et al. 2012).  

In general, selective pressures that underlie the evolution of dispersal traits are 

thought to arise from interactions between individuals of the dispersing population and 

their environment (Hastings 1983, Levin et al. 1984, Johnson and Gaines 1990, 
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Diekmann et al. 1999). For example, models have been developed to assess the effect of 

spatial and temporal variability in habitat quality on dispersal rates (Hastings 1983, Levin 

et al. 1984) additionally, Hamilton (1977) proposed competition among kin as a 

mechanism for dispersal if it reduces competition and inbreeding between close relatives, 

even in the absence of other dispersal-promoting factors, such as unstable habitats. My 

results showed a strong positive relationship (R
2
= 0.55; Figure 8) between density and 

average probability of colonization associated within the genus Setophaga (formerly 

Dendroica). Setophaga species show high local diversity and high levels of 

morphometric conservatism; however, behavioral differences among Setophaga species 

are generally distinct (MacArthur 1958, Robinson & Holmes 1982, Morse 1989). My 

data suggest differentiation in dispersal (colonization) rates may also be a behavioral 

adaptation in Setophaga species to decreased competition. This result is consistent with 

predictions of adaptive dynamics models that indicate interactions between ecological 

and evolutionary forces can lead to differentiation in dispersal rates through repeated 

‘evolutionary branching’ in spatially structured populations (Dieckmann et al. 1999).  

Differences in colonization rates and habitat use of Yellow-rumped Warblers and 

Palm Warblers are examples of the tradeoff between competitive and dispersal abilities in 

Setophaga species. Based on my results, Palm Warblers have the lowest probability of 

colonization and have high habitat specialization associated with lowland coniferous 

forests (primarily semi-open black spruce-tamarack bogs) in the study area. Whereas 

Yellow-rumped Warblers have the highest probability of colonization even though they 

are largely associated with coniferous breeding habitat, they are, however, one of the  
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most ecologically generalized warbler species because they forage in many microhabitats 

and employ a variety of foraging techniques from fly-catching to foliage-gleaning for 

insects (Hunt and Flashpoler 1998).  

Population dynamics are a result of complex interactions associated with habitat 

and landscape characteristics and ecological processes, such as stochastic events, 

disturbance, dispersal, and mortality that occur at multiple spatial and temporal scales 

(Wiens 1992). Long-term studies across regional landscapes are essential to gain insight 

on the spatial and temporal patterns in forested landscapes. Understanding these 

Figure 8. Average probability of local extinction and colonization of 22 warbler species 

over 20 years as related to (A.) and (B.) density and (C.) and (D.) species specialization 

index (SSI).  
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dynamics in managed compared with natural forests in a landscape context is essential to 

insure long term conservation of forest birds. Historically, differentiation in foraging 

behavior and competitive exclusion has been studied as the drivers of community 

structure in Parulid species (MacArthur 1958, reviewed in Morse 1989); however, 

differentiation in dispersal rates may also influence community structure. Because 

dispersal impacts the dynamics and persistence of populations and the distribution and 

abundance of species, the evolutionary context associated with Parulid species dispersal 

capabilities could have conservation implications and deserves additional study. 

Forest management regimes throughout the boreal and hemiboreal forests of the 

world are especially important because of their high diversity, importance to tropical and 

temperate migrants and their ecological role in insectivory, pollination, seed dispersal, 

and other important ecological functions. Terborgh (1989), Robinson et al. (1995) and 

Temple and Flaspohler (1998)  have suggested that many of these northern forested 

landscapes  serve as population 'sources' for many forest bird species and may be 

subsidizing population 'sinks' in other fragmented landscapes of the lower Midwest. The 

long-term implications of landscape patterns and change within these forested landscapes 

are critical to further understanding the population dynamics of Parulids.   
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CHAPTER 4 

INFLUENCE OF LANDSCAPE, HABITAT, AND INTERSPECIFIC 

INTERACTIONS ON OCCUPANCY DYNAMICS OF CANADA WARBLERS 

 

SUMMARY 

Canada Warbler is a species of high conservation importance because of its low overall 

density and long-term widespread population declines on the breeding grounds. Past 

research suggests tolerance of moderate disturbance, including silvicultural practices 

favoring regeneration of shrubs; however, sensitivity to forest fragmentation and habitat 

alterations are poorly known.  Using a 20 year data set, occupancy models were 

developed for Canada Warblers to determine the relative influence of habitat patch 

characteristics (understory vegetation, canopy cover), landscape context (edge, forest 

patch size), and species co-occurrence for occupancy, colonization, and extinction 

parameters in Minnesota’s national forests. I present evidence that multiple habitats are 

used by Canada Warblers on the breeding ground and common landscape factors 

associated with occupancy dynamics are age, landscape composition at 500m scale, and 

mean patch size. Further, interspecific interactions may be important drivers of 

occupancy dynamics in some habitats. This study demonstrates the importance of long-

term population monitoring over large spatial scales. The results of this study increase 

our understanding of underlying mechanisms associated with habitat use and long term 

population trends of this species.   

Keywords: Canada Warbler, occupancy, habitat use, landscape, competition, avian 

conservation, forest management 
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 INTRODUCTION 

The Canada Warbler (Cardellina canadensis) is a Neotropical migratory songbird that 

breeds in forests of boreal Canada, the northeastern United States and south along the 

Appalachian Mountains to Tennessee (Reitsma et al. 2010). Canada Warblers winter in 

northern South America, with greatest numbers observed in and east of the Andes 

(Reitsma et al. 2010). Breeding habitat for Canada Warbler has been suggested to vary 

across the species’ range (Reitsma et al. 2010). In the central portion of its range forested 

wetlands and swamps seem to be preferred while trembling aspen (Populus tremuloides) 

and balsam poplar (Populus balsamifera) stands are favored in the northern part of the 

range (Schmiegelow et al. 2014). Results of indicator species analysis (DuFrene and 

Legendre 1997) from four national forests in the western Great Lakes region indicate 

Canada Warblers have a significant association with aspen-spruce-fir forest types (Niemi 

et al. 2015).  

Several habitat factors are known to be associated with Canada Warbler 

abundance during the breeding season. The species inhabits many forest cover types but 

is most abundant in moist mixed forests with a dense understory and complex ground 

cover (Conway 1999). Canada Warblers are considered sensitive to forest fragmentation 

(Enser 1992, Freemark and Collins 1992); however, the species is known to occupy 

young, disturbed forests in Wisconsin (Sodhi and Paszkowski 1995) and areas that were 

heavily logged 5–15 years prior in northern hardwood forests of New York (Webb et al. 



 

 97 

1977). Schmiegelow et al. (1997) suggest Canada Warbler use regenerating forests with a 

well-developed shrub layer that occurs adjacent to mature forests following harvesting.  

Results from the North American Breeding Bird Survey (BBS) indicate four 

decades of Canada Warbler decline throughout its northeastern breeding range. Annual 

population changes between -3.8% and -7.3% since 1980 (Sauer et al. 2014). The reasons 

for the declines are unknown, but factors include loss of wintering habitat in South 

America,  loss and degradation of habitat on the breeding grounds (Lambert and Faccio 

2005), and collisions with man-made structures (Machtans and Thogmartin 2014). In 

Canada, it is considered a threatened species (COSEWIC 2012). In the United States, the 

species is included on the list of species of conservation concern at the national level 

(USFWS 2008) and is considered a “yellow watch list species” (Butcher et al. 2007). 

However, results of BBS show the species trends in Minnesota have been relatively 

stable (Sauer et al. 2014).  

The long-term and wide ranging declines in this species suggest the need for 

additional information on long-term breeding season dynamics. The Minnesota National 

Forest Breeding Bird Program was established in 1995 in response to concerns about 

biodiversity and population declines of migrating passerines (Hanowski and Niemi 1995, 

Hanowski et al. 2005, Niemi et al. 2015). The monitoring program was designed to 

provide an estimate of population change for forest bird species in national forests in the 

Western Great Lakes region (Figure 9). Similar to the BBS, results from the Minnesota 

National Forest Breeding Bird Program indicate stable trends (1995-2014 annual change= 
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0.53, P= 0.33) in Superior National Forest (NF) and significantly increasing trends 

(1995-2014 annual change= 4.87, P= 0.02) in Chippewa National Forest (NF). Data from 

this monitoring program provide an opportunity to understand factors associated with 

long-term (20 years) Canada Warbler occupancy dynamics in breeding habitats at 

multiple spatial scales. In addition to habitat and landscape factors, species interactions 

have long been thought to influence avian population dynamics (MacArthur 1958, 

Lovette and Hochachka 2006, Niven et al. 2009). For this reason I also assessed the 

influence of interspecific interactions on species occupancy. 

From the existing literature (e.g., Webb et al. 1977, Freemark and Collins 1992, 

Conway 1999, Sodhi and Paszkowski 1995, Schmiegelow et al. 1997) I identified 

potential landscape-scale and habitat-scale factors important to Canada Warbler 

population dynamics. Additionally, I used null models to investigate patterns of co-

occurrence in bird community assemblages (Gotelli 2001) to assess the relative 

contribution of interspecific interactions on Canada Warbler populations. I created model 

sets to assess occupancy at the “forest scale” which provides a broad assessment of 

landscape-scale variables associated with occupancy dynamics in each of the national 

forests and at the “habitat scale” which allows for assessment of stand-scale variables in 

each preferred habitat type within the national forests. Specific objectives were to 

identify (1) habitat and landscape factors that influence colonization and local extinction 

at the forest scale and (2) the relative contribution of habitat, landscape factors, and 

interspecific interactions on occupancy and extinction at the habitat scale for Canada 

Warblers in two national forests. 
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METHODS  

Study Area 

The Chippewa NF, located in north-central Minnesota (Figure 9) includes over 

260,000 ha of forested uplands, plus 1,300 lakes and ponds, 1,500 km, of running water, 

and 178,000 ha of wetlands. The Superior NF comprises over 1,580,000 ha (Figure 9). 

The Superior NF represents a significant portion of the northeastern "arrowhead" region 

of Minnesota. The forest also includes over 180,000 ha of open water with over 2,000 

lakes and over 3,500 km of streams. Hemiboreal regions of northern Minnesota are made 

up of diverse forest and other vegetative types. The most representative forest cover types 

Figure 9. Stand locations of forest breeding bird point counts (A.) in northern 

Minnesota’s Chippewa (B.) and Superior (C.) National Forests. 
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in Superior and Chippewa NFs are aspen (Populus spp.), birch (Betula papyrifera), 

spruce (Picea spp.), fir (Abies balsamea), tamarack (Larix laricina) and pine (Pinus spp.) 

forests. The breeding bird communities of these hemiboreal forests, near the ecotone of 

boreal and northern temperate forests, are amongst the most diverse in North America 

(Niemi et al. 1998). This region supports approximately 155 breeding species of forest-

dwelling birds (Green 1995). 

Sampling 

 At the onset of the Minnesota National Forest Breeding Bird Program avian point 

count sampling locations were distributed across the forest mosaic in a stratified random 

manner (Figure 9; Hanowski and Niemi 1995). For each national forest, stands were 

selected so the final proportion of stands of each forest cover type was equal to the 

proportion of forested land available. The sample of stands is therefore representative of 

the forest cover in each national forest. Ten classifications of forest cover types were 

used at the onset of the monitoring program; aspen-birch, aspen-spruce-fir, black spruce-

tamarack, jack pine, lowland hardwoods, oak, red pine, swamp conifer, upland 

hardwoods, and white pine. A total of 125 and 183 stands were established in the 

Chippewa and Superior National Forest, respectively. Stands selected were large enough 

to accommodate three replicate sampling points separated by a minimum of 220 m 

(Figure 10). Point count sampling in the Minnesota National Forest Breeding Bird 

Program followed national and regional standards (Ralph et al. 1995, Howe et al. 1997). 

Ten-minute point counts were conducted at each point between June and early July 

(Hanowski et al. 2005, Etterson et al. 2009, Niemi et al. 2015). Point counts were 
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conducted by trained observers from approximately 0.5 hour before to 4 hours after 

sunrise on days with little wind (< 15 km/hr) and little or no precipitation. All birds heard 

or seen from the point were recorded, and distance was estimated within 50 m, 100 m, 

and beyond 100 m (Howe et al. 1997). Data used for analyses were limited to detections 

that occurred in the 100m radius.    

Habitat and Landscape Variables 

A total of 308 stands (924 points) were included in the analysis; 183 stands (549 

points) in Superior National Forest and 125 stands (375 points) in Chippewa National 

Forest. From existing literature on the Canada Warbler (Lambert and Faccio 2005, 

Reitsma et al. 2010 and references therein), I identified a priori a set of candidate habitat 

and landscape variables to be considered in model building. A Pearson correlation 

analysis was first used to detect possible collinearity between numeric explanatory 

variables. If two variables were collinear (r ≥ 0.7), I kept the variable that was easiest to 

interpret and most biologically relevant for the analyses. 

Stand level habitat variables (hereafter ‘habitat scale’ variables) were recorded in 

the field by observers in 3-5 year intervals, variables included percent canopy cover 

estimated visually at 10% intervals, percent ground cover estimated visually at 10% 

intervals, and shrub (DBH< 2.5 cm) density on a scale of 1–5, with 5 being the highest 

(Pattison et al. 2011). Ages of forest stands were obtained from the Interagency 

Information Cooperative, which has integrated forest inventory data measured in the field 

by foresters from several forest-management groups within the state of Minnesota, 

including county, state, and federal agencies (Skally 2000, Niemi et al. 2015). Values 
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were averaged across years and points to calculate average stand values for the study 

period.  

Landscape variables consisted of landscape-scale stand characteristics quantified 

with the use of a geographic information system (GIS) in ArcGIS 10.1 (Environmental 

Systems Research, Inc., Redlands, CA). Stands were analyzed with GIS buffers of 100m 

(9.4 ha) and 500m (235.6 ha) by placing a buffer around each point count location and 

taking the union to form one asymmetrical buffer (Figure 10; Lapin et al. 2013). Percent 

land cover type in each buffer was calculated using the National GAP Land Cover data 

which uses Landsat 1999-2001 imagery as the base for its models and provides land 

cover data at a 30 by 30-m resolution  (USGS 2011). Forest Inventory Analysis (FIA) 

data were also used to confirm locations and record the extent of logging that occurred 

within the 100m and 500m buffers. I classified land cover types into six categories open, 

aquatic and four forest cover types. Forest cover types were aggregated in to four broad 

forest land cover classifications; lowland coniferous forest, upland coniferous forest, 

upland deciduous forest, and upland mixed forest. Land cover types classified as aquatic 

are those that are open water year round such as lakes, open wetlands, ponds, and 

streams. Open cover types were considered habitats with less than 10% canopy cover, 

generally clearcut areas, wetlands, agricultural, pasture, and shrublands. Although the 

study area is extensively forested, I included a measurement of human development by 

calculating the distance to the nearest road from each stand. The Patch Analyst 5 

application for ArcGIS (Rempel et al. 2012) was used to calculate mean patch size (ha) 

and total edge (m) for each buffer size (McGarigal and Marks 1995). Logging 
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disturbance in survey stands has been approximately 1% annually (Niemi et al. 2015). 

There have been no logging disturbances that have affected an entire stand. For this 

reason I chose to incorporate logging disturbance at the stand level as a function of 

canopy cover and shrub density (i.e. average tree canopy cover would be lower in logged 

stands compared with undisturbed stands) and at the landscape level as a function of 

average percent open habitat over time.  

 

 

 

 

 

 

Figure 10. Land-cover and patch configuration of three aspen stands representing  

stands with  high (A.), medium (B.), and low (C.) mean patch size  and low (A.), 

medium (B.), and high (C.) percent open cover in the 100m and 500m buffers. Each 

stand consists of three point count locations. 
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Habitat Selection by Canada Warblers 

A chi-square analysis was used to test whether the distribution of Canada Warbler 

observations differed from a random distribution among habitat types in each forest. 

Forest cover types were classified at the stand level into 10 categories based on original 

classifications used in the project. Data were analyzed by comparing total number of 

detections of Canada Warblers in each habitat type to the expected number of 

observations if randomly distributed. The expected numbers of birds for each habitat type 

was calculated by multiplying the total number of observations by the percent of stands in 

each habitat type for each national forest.  

Co-occurrence Analysis 

To generate a list of species that may affect Canada Warbler occupancy, 

EcoSimR’s Co-occurrence Module (Gotelli and Ellison 2013) was used to assess patterns 

of species co-occurrence. The co-occurrence module tests for non-random patterns of co-

occurrence in a presence-absence matrix by using Monte Carlo randomizations that 

create "pseudo-communities" (Pianka 1986), then statistically compares the patterns in 

these randomized communities with those in the real data matrix (Diamond 1975). 

Analysis focused on habitats preferentially utilized by Canada Warbler based on results 

of chi-square analysis (see below). Species richness for each stand was analyzed for each 

national forest and by habitat to minimize the possibility of “habitat checkerboards”. 

These can occur when species are associated with different abiotic features of the sites 

and lead to more or less co-occurrence than expected by chance (Gotelli 2001). The data 

were organized in a matrix of presence (1) and absence (0), in which each species 
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represents a row and each stand a column. C-score index (Stone and Roberts 1990) was 

used as a quantitative co-occurrence index, with fixed sum row and column constraints, a 

“sequential swap” algorithm for randomizing matrices, and 10,000 simulations were used 

(Ulrich and Gotelli 2007a, Ulrich and Gotelli 2007b, and Ulrich et al. 2009). The C-score 

is the number of checkerboard units for all unique pairs of species, and in a structured 

community should be significantly larger than expected by chance. Using fixed sum row 

and column constraints produces null matrices with the same number of site co-

occurrences per species (row totals) and the same number of species per site (column 

total) as observed in the original data set. The sequential swap algorithm reshuffles the 

original matrix by repeatedly swapping sub-matrices that preserve row and column totals 

and is not prone to Type I or Type II errors (Gainsbury and Colli 2003, Gotelli and 

Entsminger 2005). 

Occupancy Analyses 

A single species, multi-season occupancy modeling framework (MacKenzie et al. 

2002) was used to evaluate Canada Warbler occupancy dynamics and the influence of 

habitat, landscape, and interspecific interactions at two spatial scales. Multi-season 

occupancy modeling allows spatial and temporal dynamics of populations to be modeled, 

analyzed, and accounts for errors in detection during sampling. These models use 

information (detection or non-detection) from repeated observations (multiple points per 

stand) which are used to estimate probabilities of occupancy and detectability 

(MacKenzie et al. 2006). Multi-season occupancy models assume the population is open 

between seasons or that species can go locally extinct and species can colonize 
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previously unoccupied patches between seasons. Therefore, seasonal estimates for site 

detection as well as extinction and colonization rates can be derived. Multi-season 

occupancy modeling considers the dynamic changes in occupancy as a first-order 

Markov process (MacKenzie et al. 2006) where the probability of a site being occupied in 

season t+1 depends only upon the occupancy state of the site in the previous season, t. 

Modeling changes in occupancy as a Markov process accounts for temporal 

autocorrelation (MacKenzie et al. 2006) when observations on the same sampling unit are 

positively correlated. Parameter estimates were related to site characteristics using the 

logistic equation or logit-link function. This general framework was used to develop a set 

of candidate models that address competing hypotheses of occupancy dynamics. I ranked 

models based on the second-order Akaike's information criterion (AICc), and the strength 

of evidence for each model was determined using ∆AICc (Burnham and Anderson 2002). 

All analyses were implemented with the program PRESENCE 6.9 (Hines 2006) to obtain 

maximum likelihood parameter estimates. 

Initial modeling of observer effects on p resulted in model convergence issues. 

For this reason, I chose to model detection probability as function of year to represent 

differences in observers between seasons. I modeled p as constant (without a covariate 

relationship) and as a function of year (Table 11), using the most general model structure 

for occupancy dynamics I selected the covariance structure on p with the lowest Akaike's 

Information Criterion (AICc). I then fit the remaining occupancy models separately for 

each candidate model subset (Table 11 and Table 12). 
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Candidate models 
 

Colonization 
Local 

extinction 
KChip NF 

KSup. 

NF 

Predicted 

effect 

Habitat and Landscape Characteristics Model Subset 

Null  1 γ(.) ε(.) 4 4 . 

 
2 γ(.) ε(.) 23 23 . 

Annual variation 3 γ(year) ε(year) 40 59 . 

Age* 4 γ(age) ε(.) 4 23 + 

 
5 γ(.) ε(age) 4 23 - 

Ground cover* 6 γ(grcov) ε(.) 4 23 + 

 
7 γ(.) ε(grcov) 4 23 - 

Shrub density* 8 γ(shrub) ε(.) 4 23 + 

 
9 γ(.) ε(shrub) 4 23 - 

Distance to road 10 γ(disrd) ε(.) 4 23 + 

 
11 γ(.) ε(disrd) 4 23 - 

Aquatic (%) 

(500m)* 
12 γ(wet) ε(.) 4 23 + 

 
13 γ(.) ε(wet) 4 23 - 

Table 11. Forest scale occupancy dynamics candidate models used to model Canada 

Warbler dynamics in Chippewa and Superior NF from 1995-2014. Forest scale 

candidate models were divided into two subsets: habitat and landscape characteristics 

and land cover composition to assess different aspects of occupancy dynamics. Based 

on the results of the null models, detectability (p) was modeled as constant in Chippewa 

NF and modeled with annual variation in Superior NF.   
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Open % (500m)* 14 γ(open500) ε(.) 4 23 - 

 
15 γ(.) ε(open500) 4 23 + 

Mean patch size 

(100m)* 
16 γ(mps100) ε(.) 4 23 + 

 
17 γ(.) ε(mps100) 4 23 - 

Mean patch size 

(500m)* 
18 γ(mps500) ε(.) 4 23 + 

 
19 γ(.) ε(mps500) 4 23 - 

Total edge (100m) 20 γ(te100) ε(.) 4 23 - 

 
21 γ(.) ε(te100) 4 23 + 

Total edge (500m) 22 γ(te500) ε(.) 4 23 - 

 
23 γ(.) ε(te500) 4 23 + 

Land Cover Composition Model Subset 

Upland Conifer 

(100m)* 
1 γ(upcon100) ε(.) 4 23 . 

 
2 γ(.) ε(upcon100) 4 23 . 

Upland Deciduous 

(100m) 
3 γ(upcon100) ε(.) 4 23 . 

 
4 γ(.) ε(upcon100) 4 23 . 

Upland Mixed 

Forest (100m)* 
5 γ(upmix100) ε(.) 4 23 . 

 
6 γ(.) ε(upmix100) 4 23 . 

Lowland Conifer 

(100m)* 
7 γ(llcon100) ε(.) 4 23 . 

 
8 γ(.) ε(llcon100) 4 23 . 

Upland Conifer 

(500m)* 
9 γ(upcon500) ε(.) 4 23 . 

 
10 γ(.) ε(upcon500) 4 23 . 
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Upland Deciduous 

(500m) 
11 γ(upcon500) ε(.) 4 23 . 

 
12 γ(.) ε(upcon500) 4 23 . 

Upland Mixed 

Forest (500m)* 
13 γ(upmix500) ε(.) 4 23 . 

 
14 γ(.) ε(upmix500) 4 23 . 

Lowland Conifer 

(500m)* 
15 γ(llcon500) ε(.) 4 23 . 

  16 γ(.) ε(llcon500) 4 23 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Log (base 10) transformed before analysis 
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Candidate models Occupancy 
Local 

extinction 
Detection K 

Predicted 

effect 

Habitat and Landscape Characteristics 

Null  1 ψ(.) ε(.) p(.) 3 . 

Annual variation 2 ψ(.) ε(year) p(.) 21 . 

 
3 ψ(year) ε(.) p(.) 22 . 

Age* 4 ψ(age) ε(.) p(.) 3 + 

 
5 ψ(.) ε(age) p(.) 3 - 

Ground cover* 6 ψ(grcov) ε(.) p(.) 3 + 

 
7 ψ(.) ε(grcov) p(.) 3 - 

Shrub density* 8 ψ(shrub) ε(.) p(.) 3 + 

 
9 ψ(.) ε(shrub) p(.) 3 - 

Distance to road 10 ψ(disrd) ε(.) p(.) 3 + 

Table 12. Habitat scale occupancy dynamics candidate models used to model Canada 

Warbler dynamics in Chippewa and Superior NF from 1995-2014. Habitat scale 

candidate models were divided into two subsets; habitat and landscape characteristics 

and interspecific interactions to assess different aspects of occupancy dynamics. 

Interspecific interaction models were built based on the results of co-occurrence 

analysis. Based on the results of the null models, detectability (p) was modeled as 

constant in both forests and all forest cover types. Aspen-birch, red pine, and swamp 

conifer cover types were modeled in both forests, aspen-spruce-fir cover types were 

modeled in Superior NF only.  
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11 ψ(.) ε(disrd) p(.) 3 - 

Aquatic (%) (500m)* 12 ψ(wet) ε(.) p(.) 3 + 

 
13 ψ(.) ε(wet) p(.) 3 - 

Open % (500m)* 14 ψ(open500) ε(.) p(.) 3 - 

 
15 ψ(.) ε(open500) p(.) 3 + 

Mean patch size 

(100m)* 
16 ψ(mps100) ε(.) p(.) 3 + 

 
17 ψ(.) ε(mps100) p(.) 3 - 

Mean patch size 

(500m)* 
18 ψ(mps500) ε(.) p(.) 3 + 

 
19 ψ(.) ε(mps500) p(.) 3 - 

Total edge (100m) 20 ψ(te100) ε(.) p(.) 3 - 

 
21 ψ(.) ε(te100) p(.) 3 + 

Total edge (500m) 22 ψ(te500) ε(.) p(.) 3 - 

  23 ψ(.) ε(te500) p(.) 3 + 

Interspecific Interactions 

Black-and-White 

Warbler* 
1 ψ(BAWW) ε(.) p(.) 3 . 

Blackburnian 

Warbler* 
2 ψ(BLBW) ε(.) p(.) 3 . 

Black-throated Green 

Warbler* 
3 ψ(BTNW) ε(.) p(.) 3 . 

Hermit Thrush* 4 ψ(HETH) ε(.) p(.) 3 . 

Magnolia Warbler* 5 ψ(MAWA) ε(.) p(.) 3 . 

Mourning Warbler* 6 ψ(MOWA) ε(.) p(.) 3 . 

 
*Log (base 10) transformed before analysis 

 



 

 112 

Forest scale occupancy dynamics models. To assess factors that influence occupancy 

dynamics in each national forest, I estimated the probabilities of initial site occupancy 

(ψ), colonization (γ), and local extinction (ε) for Canada Warblers using multiple-season, 

single-species occupancy models (Table 11; MacKenzie et al. 2006). Here, colonization 

is was defined as the event of a site being occupied during survey t when it was not 

during survey t - 1. In contrast, local extinction was the event of a site being unoccupied 

during survey t when it was occupied at survey t - 1. This type of model consists of a 

probability of occupancy estimated for the first survey ψ0 whereas subsequent occupancy 

states depend on the probability of colonization and local extinction between consecutive 

survey years (MacKenzie et al. 2006). Forest scale occupancy model analyses were 

divided into two model subsets to assess the effects of habitat and landscape 

characteristics and land cover composition on occupancy dynamics (Table 11). I built 23 

candidate models to assess the effects of habitat and landscape characteristics associated 

with Canada Warbler occupancy dynamics at the national forest scale (Table 11). Sixteen 

candidate models were used to determine the influence of land cover composition (upland 

deciduous, upland coniferous, upland mixed forest, and lowland conifer) and scale (100m 

or 500m buffer) on colonization and local extinction parameters (Table 11). For these 

model sets, initial occupancy was always modeled without any covariates to focus 

investigation on rate parameters (after Ferraz et al. 2007). 

Habitat scale occupancy dynamics models. Preliminary analyses indicated that Canada 

Warbler dynamics varied in different habitat types. Therefore, I estimated the 

probabilities of site occupancy (ψ), and local extinction (ε) for Canada Warblers using 30 
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candidate models to determine the influence of habitat and landscape characteristics in 

forest cover types preferentially used by Canada Warblers in each forest (Table 12). The 

candidate models were built using habitat and landscape or occupancy and local 

extinction parameters (Table 12). Additionally, to determine the effects of interspecific 

interactions in each habitat type, abundance of potentially competing species, based on 

co-occurrence results, were used as covariates of occupancy in candidate models (Table 

12; MacKenzie et al. 2006).  

RESULTS 

Detection Summary 

A total of 2163 Canada Warblers were observed within a 100m radius from 1995-

2014 in a total of 243 stands. The majority of Canada Warbler detections, 1844, occurred 

in Superior NF in a total of 168 stands while 319 Canada Warblers were recorded in a 

total of 75 stands in Chippewa NF. Over 20 years of the study the average naïve stand 

occupancy rates were 0.28 (0.15-0.37) and 0.08 (0.05-0.14) in Superior NF and 

Chippewa NF, respectively. Average observed frequency of stand occupancy (i.e. how 

frequently a stand was occupied) over 20 years was 6.12 (1-17) in Superior NF and 5.10 

(1-17) in Chippewa NF. Observed mean abundance of Canada Warblers in occupied 

stands was 2.22 birds per stand (1.5-2.10) in Superior NF and 1.65 birds per stand (1.1-

2.29) in Chippewa NF. Average observed density in occupied stands (birds detected per 

stand) in Superior NF was 0.48 and 0.12 in Chippewa NF. Observed frequencies of 

Canada Warbler stand occupancy and density varied by forest cover type in both forests. 

In Superior NF, red pine, swamp conifer, jack pine, aspen-spruce-fir, and aspen-birch 
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stands were occupied all years of the study but densities were highest in aspen-spruce-fir 

(0.78 detections/stand), swamp conifer (0.70 detections/stand), and aspen-birch (0.63 

detections/stand) habitats. In Chippewa NF, Canada Warblers were detected in red pine 

and swamp conifer habitats 19 of 20 years. Densities were highest in swamp conifer 

stands (0.44 detections/stand) and red pine stands (0.12 detections/stand).  

Habitat Selection 

Canada Warbler distributions among forest cover types were significantly 

different from a random distribution in Chippewa NF (χ
2

9= 85.3, n= 251, P<0.01) and 

Superior NF (χ
2

9= 436.3, n= 1675, P<0.01). Observed selection of habitat types differed 

between forests. Canada Warblers in Chippewa NF used red pine and swamp conifer 

stands in greater proportion than available. In Superior NF, aspen-birch, aspen-spruce-fir, 

and swamp conifer stands were preferentially used by Canada Warblers (Figure 11).  

Co-occurrence Models 

Co-occurrence analysis was conducted for forest cover types preferentially used 

by Canada Warblers based on the results of the chi-square analysis in both NFs. Species 

that had high (ranked in top 5) checkerboard unit values with Canada Warblers in three or 

more forest cover types were used as covariates in occupancy models. Six species fit 

these criteria (Table 13): Black-and-white Warbler (Mniotilta varia; n=3983), Mourning 

Warbler (Geothlypis philadelphia; n=3342), Magnolia Warbler (Setophaga magnolia; 

n=2611), Black-throated Green Warbler (Setophaga virens; n=3644), Blackburnian 

Warbler (Setophaga fusca; n= 4142), and Hermit Thrush (Catharus guttatus; n=2720). 
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Figure 11. Habitat use compared with availability by Canada Warblers based on 

results of chi-square analysis for Chippewa (A.) and Superior (B.) NFs. Forest cover 

types were classified at the stand level into 10 categories based on classifications used 

in management of each NF. Data were analyzed by comparing total number of 

detections of Canada Warblers in each forest cover type to the expected number of 

observations if randomly distributed. The expected numbers of birds for each forest 

cover type was calculated by multiplying the total number of observations by the 

percent of stands in each forest cover type for each NF.  
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Chippewa NF Superior NF 

Forest Cover 

Type  

C-

score  

C-

score 

Aspen-birch 
Black-and-white 

Warbler 
3.21 

Black-throated Green 

Warbler 
2.13 

 
Mourning Warbler 2.75 Blackburnian Warbler 1.93 

 
Red-breasted Nuthatch 2.75 American Robin 1.82 

 
Swamp Sparrow 2.48 Mourning Warbler 1.64 

 
Magnolia Warbler 2.06 Hermit Thrush 1.47 

Aspen-spruce-fir Ovenbird 6.67 Chestnut-sided Warbler 2.63 

 

Black-and-white 

Warbler 
4.00 Winter Wren 2.26 

 
Mourning Warbler 4.00 Blackburnian Warbler 1.64 

 
Hermit Thrush 3.33 Chipping Sparrow 1.50 

 

Blackburnian 

Warbler 
2.67 Hermit Thrush 1.50 

Red pine 
Black-throated Green 

Warbler 
5.07 Magnolia Warbler 3.16 

 

Blackburnian 

Warbler 
3.16 Nashville Warbler 3.16 

Table 13. Bird species and C-scores on results test for non-random patterns of co-

occurrence with Canada Warblers in Chippewa and Superior NFs. C-score index was 

used as a quantitative co-occurrence index to determine probability of all species co-

occurrence with Canada Warblers. C-scores were standardized using the mean of 

simulated indices for comparison between forest cover types. Analysis focused on cover 

types preferentially utilized by Canada Warbler based on results of chi-square analysis. 

Bolded species represent those that had high (ranked in top 5) checkerboard unit values 

with Canada Warblers in three or more cover types and were used as covariates in 

habitat scale occupancy models.   
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Brown Creeper 2.63 Least Flycatcher 2.84 

 
Hermit Thrush 2.37 Chestnut-sided Warbler 2.53 

 
Magnolia Warbler 2.30 Pileated Woodpecker 2.53 

Swamp conifer 
Black-and-white 

Warbler 
5.88 Ruffed Grouse 4.74 

 

Black-capped 

Chickadee 
3.78 Song Sparrow 4.15 

 

Ruby-throated 

Hummingbird 
3.78 Eastern Wood-Pewee 3.16 

 
Brown Creeper 3.78 Winter Wren 2.17 

 
Song Sparrow 2.94 

Black-throated Green 

Warbler 
1.98 

 

Occupancy Models 

Forest scale occupancy dynamics models. In Superior NF, the best model (w= 99%) in 

the habitat and landscape characteristics subset was age as a predictor of local extinction 

(Appendix B). The results of this model showed that the probability of local extinction 

was negatively associated with stand age (Figure 12 and Table 14). The top model 

indicated that detection probability for Canada Warblers varied by year (Appendix B). 

Similarly, in Chippewa NF the top model (w= 80%) indicated that local extinction was 

negatively associated with stand age (Figure 12 and Table 14). However, detection 

probability in Chippewa NF was constant over time (Appendix B).   

The results of the land cover composition model subset differed between forests. 

In Chippewa NF the best model (w= 99%) indicated that local extinction was lower in 

stands with a greater percentage of lowland conifer cover in a 500m buffer around the 

stand (Table 15 and Appendix C). However, in Superior NF the best model (w= 99%) 
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found that probability of local extinction was lower in stands with a greater amount of 

upland deciduous habitat in the 500m buffer around the stand (Table 15 and Appendix 

C). Because these models represented the overall best models for forest occupancy these 

parameter estimates were used to derive average occupancy estimates and standard 

deviations for each habitat type (Figure 13).  

Habitat scale occupancy dynamics models. Three habitat types were analyzed in 

Chippewa National Forest; aspen-birch, red pine, and swamp conifer. An additional 

habitat type, aspen-spruce-fir, was analyzed in Superior National Forest but excluded 

from Chippewa NF because of low representation. Stand age, percent of open habitat, 

percent of aquatic habitat, and mean patch size (100m) were covariates associated with 

best models for occupancy and extinction parameters in the habitat scale candidate 

models (Table 16). Best models show that detection probability was constant in each 

habitat in both NFs. In Chippewa NF, the probability of occupancy decreased with stand 

age and probability of local extinction increased with decreasing openness in aspen-birch 

stands. In red pine stands, a greater amount of aquatic habitat in 500m buffer was 

associated with a lower probability of extinction. Occupancy decreased with increasing 

openness in swamp conifer stands, mean patch size as a covariate of occupancy also had 

support showing occupancy was higher in stands with greater mean patch size in 100m 

buffer around the stands (Table 16). 

 In Superior NF probability of local extinction decreased with stand age in aspen-

birch, red pine, and swamp conifer stands (Table 16). Aspen-birch stands with a greater 

amount of aquatic habitat in 500m buffer were associated with a lower probability of 
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extinction. Similarly, probability of occupancy was greater in swamp conifer and aspen-

spruce-fir stands with higher percentage of aquatic habitat in the 500m buffer. Occupancy 

was higher in aspen-spruce-fir stands with greater amounts of open habitat in the 500m 

buffer. This was also true for swamp conifer habitats in Superior NF; however, 95% 

confidence intervals of the beta estimate overlapped zero. The best performing model for 

aspen-spruce-fir stands indicated lower extinction probability in stands with greater mean 

patch size in 100m buffer (Table 16).  

The influence of species co-occurrence varied by habitat and by forest (Table 17). 

In Chippewa NF, Blackburnian Warbler, Hermit Thrush, and Mourning Warbler were 

negatively associated with stand occupancy in aspen-birch and red pine stands. Magnolia 

Warbler and Black-and-White Warbler abundance were also negatively associated with 

Canada Warbler occupancy in red pine habitats in Chippewa NF. The null model had the 

most support in swamp conifer habitats in Chippewa NF. In Superior NF Hermit Thrush 

abundance was negatively associated with Canada Warbler occupancy in aspen-birch and 

red pine stands. Blackburnian Warbler, Magnolia Warbler, and Mourning Warbler 

abundance was positively associated with Canada Warbler occupancy in swamp conifer 

and mixed aspen stands. Positive associations were also found between Canada Warbler 

occupancy and Magnolia Warbler abundance in aspen-birch stands and Black-and-White 

Warbler abundance in aspen-spruce-fir stands in Superior NF.  

Covariates associated with the most supported models in the habitat and 

interspecific interactions candidate model subsets were combined to determine the best 

overall models for each habitat type based on AICc values (Table 18). The overall best 
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model for aspen-birch stands in Chippewa NF indicated that probability of occupancy 

was lower in older stands (average age 41 years; range 5-89 years) and probability of 

extinction decreased in stands with a greater percent of open habitat in the 500m buffer 

(Figure 14). However, stands with lower amounts of open habitat in the 500m buffer had 

higher probability of occupancy in swamp conifer stands in Chippewa NF (Figure 14). 

Black-and-White Warbler abundance negatively affected Canada Warbler occupancy in 

red pine habitats (Figure 14) in Chippewa NF; no habitat covariates were included in this 

habitat type. In Superior NF, Hermit Thrush abundance negatively affected probability of 

Canada Warbler occupancy in aspen-birch and red pine stands (Figure 15). Younger 

stands in the landscape had a higher probability of local extinction in red pine and swamp 

conifer stands in Superior NF (Figure 15). Local extinction probabilities were higher in 

stands with smaller patches in mixed aspen stands (Figure 15). In Superior NF’s swamp 

conifer stands probability of occupancy was higher in stands with greater Magnolia 

Warbler abundance (Figure 15).  
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Best Model Untransformed estimates Transformed Estimates 

psi(.), gamma(.) eps(age), p(.) β se Min Max β se Min Max 

Chippewa 

National 

Forest 

Psi (ψ) . -1.52 0.35 -1.87 -1.17 0.18 0.05 0.10 0.30 

Gamma (γ) . -2.75 0.15 -2.90 -2.60 0.06 0.01 0.05 0.08 

Epsilon (ε) Age -0.24 0.06 -0.30 -0.18 0.27 0.05 0.20 0.37 

p . -1.63 0.14 -1.76 -1.49 0.16 0.02 0.13 0.20 

Best Model Untransformed estimates Transformed Estimates 

psi(.), gamma(.) eps(age), p(year) β se Min Max β se Min Max 

Superior 

National 

Forest 

Psi (ψ) . 0.02 0.22 -0.21 0.24 0.50 0.06 0.40 0.61 

Gamma (γ) . -1.68 0.10 -1.77 -1.58 0.16 0.01 0.13 0.19 

Epsilon (ε) Age -0.35 0.03 -0.38 -0.31 0.19 0.02 0.15 0.23 

p 1995 -0.67 0.18 -0.85 -0.49 0.34 0.04 0.26 0.42 

p 1996 -1.12 0.17 -1.30 -0.95 0.25 0.03 0.19 0.31 

p 1997 -0.73 0.16 -0.89 -0.57 0.32 0.04 0.26 0.40 

p 1998 -0.53 0.16 -0.70 -0.37 0.37 0.04 0.30 0.45 

p 1999 -1.54 0.20 -1.75 -1.34 0.18 0.03 0.13 0.24 

Table 14. Results of best models for forest scale occupancy models- habitat and 

landscape characteristics subset. Estimates, standard error and confidence intervals are 

based on results for best models (Chippewa NF Akaike wi = 0.80; Superior NF Akaike 

wi = 0.99) in each NF. Based on the results of the null models, detectability (p) was 

modeled as constant in Chippewa NF and modeled with annual variation in Superior 

NF.   



 

 122 

p 2000 -0.78 0.19 -0.97 -0.59 0.31 0.04 0.24 0.40 

p 2001 -0.91 0.17 -1.08 -0.73 0.29 0.04 0.22 0.36 

p 2002 -0.38 0.16 -0.53 -0.22 0.41 0.04 0.33 0.48 

p 2003 -0.91 0.17 -1.08 -0.74 0.29 0.03 0.22 0.36 

p 2004 -0.91 0.17 -1.08 -0.74 0.29 0.04 0.22 0.36 

p 2005 -0.62 0.15 -0.77 -0.47 0.35 0.03 0.29 0.42 

p 2006 -0.57 0.15 -0.72 -0.41 0.36 0.04 0.30 0.43 

p 2007 -0.19 0.15 -0.34 -0.04 0.45 0.04 0.38 0.53 

p 2008 -1.47 0.18 -1.64 -1.29 0.19 0.03 0.14 0.25 

p 2009 -1.64 0.18 -1.83 -1.46 0.16 0.03 0.12 0.22 

p 2010 -1.00 0.16 -1.16 -0.84 0.27 0.03 0.21 0.34 

p 2011 -0.67 0.16 -0.83 -0.52 0.34 0.04 0.27 0.41 

p 2012 -0.69 0.16 -0.86 -0.53 0.33 0.04 0.27 0.41 

p 2013 -0.75 0.16 -0.91 -0.59 0.32 0.04 0.26 0.39 

p 2014 -0.85 0.17 -1.02 -0.68 0.30 0.04 0.23 0.37 
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Figure 12.  Predicted probabilities of local extinction (ε) for Canada Warblers in relation 

to log base 10 transformed value of average stand age for Chippewa (A.) and Superior 

(B.) NF from best models (Chippewa NF Akaike wi. = 0.80; Superior NF Akaike wi. = 

0.99) for forest scale occupancy dynamics- habitat and landscape characteristics model 

subset. Error bars represent standard error. 
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Best Model 
Untransformed 

Estimates 

Transformed 

Estimates 

psi(.), gamma(.) eps(llcon500), p(.) β se β se 

Chippewa 

National 

Forest 

Psi (ψ) . -1.49 0.35 0.18 0.05 

Gamma (γ) . -2.71 0.14 0.06 0.01 

Epsilon (ε) 

Lowland 

conifer 

(500m) 

-0.61 0.11 0.34 0.02 

P . -1.64 0.12 0.16 0.02 

Best Model 
Untransformed 

Estimates 

Transformed 

Estimates 

psi(.), gamma(.) eps(updec500), 

p(year) 
β se β se 

Superior 

National 

Forest 

Psi (ψ) . 0.05 0.23 0.51 0.06 

Gamma (γ) . -1.62 0.10 0.17 0.01 

Epsilon (ε) 

Upland 

deciduous 

(500m) 

-0.03 0.00 0.23 0.02 

p 1995 -0.69 0.18 0.33 0.04 

p 1996 -1.12 0.17 0.25 0.03 

Table 15. Results for best models (Chippewa NF Akaike wi = 1.00; Superior NF Akaike 

wi = 1.00) for forest scale occupancy dynamics- land cover composition model subset for 

Canada Warblers in Chippewa and Superior NF from 1995-2014. Based on the results of 

the null models, detectability (p) was modeled as constant in Chippewa NF and modeled 

with annual variation in Superior NF. Untransformed estimates and errors are based on 

the logit scale. 
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p 1997 -0.74 0.16 0.32 0.04 

p 1998 -0.55 0.17 0.37 0.04 

p 1999 -1.55 0.20 0.18 0.03 

p 2000 -0.77 0.19 0.32 0.04 

p 2001 -0.89 0.18 0.29 0.04 

p 2002 -0.39 0.16 0.40 0.04 

p 2003 -0.89 0.17 0.29 0.04 

p 2004 -0.89 0.17 0.29 0.04 

 

p 2005 -0.60 0.16 0.35 0.04 

p 2006 -0.54 0.16 0.37 0.04 

p 2007 -0.15 0.15 0.46 0.04 

p 2008 -1.39 0.18 0.20 0.03 

p 2009 -1.59 0.19 0.17 0.03 

p 2010 -0.96 0.16 0.28 0.03 

p 2011 -0.64 0.16 0.35 0.04 

p 2012 -0.66 0.16 0.34 0.04 

p 2013 -0.74 0.16 0.32 0.04 

 
p 2014 -0.80 0.17 0.31 0.04 
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Figure 13. Average predicted probabilities of occupancy (ψ) by habitat for Canada 

Warblers based on estimates from forest scale- land cover composition model subset 

for Chippewa and Superior NF. Error bars represent standard error of estimates.  
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Forest Chippewa NF Superior NF 

Forest Cover 

Type 

Aspen-

birch 

Red 

pine 

Swamp 

conifer 

Aspen-

birch 

Red 

pine 

Swamp 

conifer 

Aspen-

spruce-

fir 

Age ψ 
-0.58 

(0.10) 
. . . . . . 

 
ε . . . 

-0.71 

(0.15) 

-0.37 

(0.17) 

-0.09 

(0.05) 
. 

Aquatic ψ . . . . . 
0.26 

(0.22) 

0.29 

(0.09) 

 
ε . 

-1.66 

(0.23) 
. 

-0.30 

(0.06) 
. . . 

MPS ψ . . 
0.57 

(0.49) 
. . . . 

 
ε . . . . . . 

-1.96 

(0.28) 

Open ψ . . 
-0.34 

(0.19) 
. . 

0.05 

(0.07) 

0.22 

(0.08) 

 
ε 

-0.48 

(0.19) 
. . . . . . 

 

 

Table 16. Probability (ψ) and local extinction (ε) estimates for best models based on 

Akaike wi (combined wi > 80%) for habitat scale- habitat and landscape characteristics 

model subset for Canada Warblers in Chippewa and Superior NF from 1995-2014. 

Based on the results of the null models, detectability was modeled as constant in both 

NFs and in all forest cover types. Models in bold are overall best models based on AICc 

values for each forest cover type. Estimates and standard errors are based on the logit 

scale. 
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Forest Chippewa NF Superior NF 

Forest cover type 
Aspen

-birch 

Red 

pine 

Swamp 

conifer 

Aspen-

birch 

Red 

pine 

Swamp 

conifer 

Aspen-

spruce-

fir 

Black-and-

White Warbler 

ψ - -1.60 - - - - 0.42 

se - 0.32 - - - - 0.17 

Blackburnian 

Warbler 

ψ -2.11 -1.03 - - - 0.25 0.28 

se 0.75 0.25 - - - 0.16 0.14 

Black-throated 

Green Warbler 

ψ - - - - - - - 

se - - - - - - - 

Hermit Thrush 

ψ -1.70 -0.60 - -0.34 -0.64 - - 

se 0.58 0.30 - 0.16 0.34 - - 

Magnolia 

Warbler 
ψ - -0.71 - 0.17 - 0.44 0.45 

Table 17. Occupancy (ψ) estimates and associated standard errors (SE) for best models 

based on Akaike wi (combined wi > 80%) for habitat scale- interspecific interaction 

model subset for Canada Warblers in Chippewa and Superior NF from 1995-2014. 

Based on the results of the null models, detectability was modeled as constant in both 

NFs and in all forest cover types. Models in bold are overall best models based on AICc 

values for each forest cover type. Estimates and standard errors are based on the logit 

scale. 
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se - 0.52 - 0.14 - 0.16 0.17 

Mourning 

Warbler 

ψ -0.88 -1.26 - - - 0.39 0.67 

se 0.47 0.33 - - - 0.20 0.19 
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Forest 
Forest 

cover 

type 
Parameter 

Untransformed 

estimates 
Transformed 

Estimates 

    
β se β se 

Chippewa 

National 

Forest 

Aspen-

birch 
ψ Age -0.59 0.09 0.12 0.03 

 
ε 

% Open 

(500m) 
-0.48 0.19 0.38 0.04 

 
p . -1.31 0.29 0.21 0.05 

Red 

pine 
ψ 

BAWW 

abundance 
-1.60 0.32 0.20 0.04 

 
ε . -1.27 0.44 0.22 0.07 

 
p . -1.53 0.24 0.18 0.03 

Swamp 

conifer 
ψ 

% Open 

(500m) 
-0.34 0.19 0.36 0.07 

 
ε . -2.00 0.52 0.12 0.06 

 
p . -1.59 0.21 0.17 0.03 

Superior 

National 

Forest 

Aspen-

birch 
ψ 

HETH 

abundance 
-0.34 0.16 0.45 0.03 

 
ε . -0.89 0.21 0.29 0.04 

Table 18. Occupancy (ψ), local extinction (ε), and detection (p) estimates and associated 

stand errors (SE) for best models based on Akaike wi (combined wi > 80%) for combined 

habitat and interspecific interaction occupancy model for Canada Warblers in Chippewa 

and Superior NF from 1995-2014. Based on the results of the null models, detectability 

was modeled as constant in both NFs and in all forest cover types. Models in bold are 

overall best models based on AICc values for each forest cover type. Untransformed 

estimates and standard errors are based on the logit scale. 
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p . -0.50 0.10 0.38 0.02 

Red 

pine 
ψ 

HETH 

abundance 
-0.68 0.33 0.35 0.07 

 
ε Age -0.34 0.16 0.21 0.10 

 
p . -1.33 0.23 0.21 0.04 

Swamp 

conifer 
ψ 

MAWA 

abundance 
0.45 0.16 0.59 0.03 

 
ε Age -0.14 0.04 0.33 0.05 

 
p . -0.26 0.12 0.44 0.03 

Aspen-

spruce-

fir 

ψ . 0.43 0.18 0.61 0.03 

 
ε 

Mean 

patch size 

(100 m) 

-1.96 0.28 0.17 0.03 

 
p . -0.51 0.09 0.37 0.02 
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Figure 14. Predicted probabilities of occupancy and local extinction for Canada Warblers 

in Chippewa NF in relation to significant covariates for each cover type. Estimates are 

based on the best combined habitat and interspecific interactions models. Error bars 

represent standard errors.  



 

 133 

 

 

 

 

 

 

 

 

 

Figure 15. Predicted probabilities of occupancy and local extinction for Canada 

Warblers in Superior NF in relation to significant covariates for each cover type. 

Estimates are based on the best combined habitat and interspecific interactions models. 

Error bars represent standard errors.  
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DISCUSSION  

Our results show that Canada Warblers utilize a variety of habitats and that 

population dynamics of occupancy also vary among these habitats. Preferential habitat 

use differs between the two NFs. Preferred habitats in Superior NF were aspen-spruce-fir, 

swamp conifer, and aspen-birch stands, and densities of Canada Warblers were highest in 

aspen-spruce-fir, swamp conifer, and aspen-birch stands. However, in Chippewa NF 

preferred habitats and habitats with highest density were in swamp conifer and red pine 

stands. Conway (1999) reported the species is found in a variety of forest types, but is 

most common in wet, mixed deciduous-coniferous forest with a well-developed shrub 

layer. Other studies indicate Canada Warblers are found in shrub marshes, red maple 

(Acer rubrum L.) stands, cedar stands and conifer swamps dominated by black spruce 

(Picea mariana) (Peck and James 1987, Brauning 1992, Foss 1994, Larue et al. 1995, 

Cooper et al. 1997, Conway 1999, Drapeau et al. 2000, Lambert and Faccio 2005, 

Hallworth et al. 2008). Indeed, breeding habitat for Canada Warbler has been suggested 

to vary across the species’ range (Reitsma et al. 2010) and that differential habitat 

selection  is likely determined by availability of habitat (Schmiegelow et al. 2014). My 

findings are consistent with previous studies conducted on Canada Warbler habitat use 

across its range; however, I provide inference about mechanisms of differential habitat 

use that extends our understanding on drivers of habitat use over time. 

Forest Scale Occupancy Dynamics 

Habitat and landscape characteristics. Results of the forest scale occupancy dynamics 

models indicate that age significantly affects extinction probability in both NFs; 
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indicating that probability of local extinction is higher in younger forests. These results 

were consistent across both NFs even though average age of stands surveyed differs: the 

average age in Chippewa NF is 74 and 112 in Superior NF. A relatively low level of 

harvest, about 1 % annually, has occurred in the NFs throughout the duration of the 

study. Forest Inventory and Analysis (FIA) data analyses by Niemi et al. (2015) indicated 

standing volume on the majority of ranger districts across the NFs are either stable or 

increasing. Clear-cut silvicultural practices were the main harvest type in Chippewa and 

Superior NFs (D’Amato et al. 2009). This harvest method creates temporary open and 

shrub-like habitats that can increase Canada Warbler abundance (Schmiegelow et al. 

1997). Clearcut lands remain as open or brushy woodland for five to 20 years before 

canopy closure (Sturtevant et al. 2014). Throughout its range, increases in local 

abundances in regenerating forests (i.e. 6–30 years post-disturbance) following natural 

and anthropogenic disturbances have been reported (Titterington et al. 1979, Christian et 

al. 1996, Hobson and Schieck 1999, Drapeau et al. 2000, Hobson and Bayne 2000a, 

Schieck and Hobson 2000). Local extinction processes may be associated with changes in 

the shrub layer that occur as forests mature and, therefore, these habitats represent 

suitable habitat, but only on a temporary basis. 

In some parts of the range, the species breeds in mature (>90 years) upland forests 

with canopy gaps that promote a dense, well-developed shrub layer (Schieck et al. 1995, 

Enns and Siddle 1996, Cooper et al. 1997, Hobson and Bayne 2000b, Hobson et al. 2000, 

Schieck and Hobson 2000, Schieck et al. 2000, Cumming and Machtans 2001, Machtans 

and Latour 2003, Hannon et al. 2004, Lambert and Faccio 2005). It is likely older stands 
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provide stable long term suitable habitat, thus having lower local extinction probabilities. 

For example, Zlonis and Niemi (2014) report Canada Warblers were more abundant in 

unmanaged forests of the Boundary Waters Canoe Area Wilderness (BWCAW) 

compared with managed stands in Superior NF. Importantly, unmanaged stands in the 

BWCAW were on average older, more mixed, and had a greater variety in tree size-

classes than stands in the Superior NF (Frelich and Reich 1995, Zlonis and Niemi 2014).  

Land cover composition. The results of the land cover composition model subset 

differed between forests, but the 500m scale was identified as the best scale for predicting 

local extinctions in both forests. This indicates the importance of the larger landscape 

matrix to Canada Warbler dynamics. In Chippewa NF the percent of lowland conifer was 

negatively associated with local extinction probabilities, and in Superior NF the amount 

of upland deciduous habitat was negatively associated with local extinction probability. 

This is consistent with findings of Schmiegelow et al. (2014) who report landscapes with 

a higher proportion of mixed wood and deciduous stands were more suitable for Canada 

Warblers. However, results of the Schmiegelow et al. (2014) study indicated that conifer 

stands were not selected by Canada Warblers across their study region. This difference in 

reported habitat preference may be associated with the broader habitat classifications 

used in the Schmiegelow et al. (2014) study or may be a reflection of differences in 

habitat availability between the hemiboreal forests of Minnesota compared with the 

boreal forests in the northern region of the species’ range.  

Habitat Scale Occupancy Dynamics 
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Habitat and landscape characteristics. Four of the 11 variables used in the habitat scale 

occupancy dynamics models were consistently associated with the best performing 

habitat occupancy models; age, percent of open habitat, percent of aquatic habitat, and 

mean patch size at the 100m scale. Area sensitivity in this species has been well-

documented in many studies, especially in the context of fragmentation of forests in an 

agricultural or urbanized landscape (Ambuel and Temple 1983, Robbins et al. 1989). 

However, the species has been reported to be relatively tolerant of habitat fragmentation 

that results from forest harvesting (Schmiegelow et al. 1997). The results reported here 

suggest factors associated with area (mean patch size) had negative effects on species 

persistence in swamp conifer stands in Chippewa NF and aspen-spruce-fir stands in 

Superior NF. The relationship between occupancy dynamics and the amount of open 

habitat varied depending on habitat type. For example, in Chippewa NF, stands with 

greater amounts of open habitat were less likely to be occupied in swamp conifer stands 

but had a lower probability of extinction in aspen-birch stands. Similarly, occupancy was 

higher in stands with more open habitat in aspen-spruce-fir habitats of Superior NF 

(Table 16).  

Age was also important in habitat specific models; local extinction was higher in 

younger swamp conifer stands (average age= 129 years) in Superior NF. However, age 

was negatively associated with occupancy in aspen-birch stands in Chippewa NF. The 

average age of aspen-birch stands surveyed in Chippewa NF (41 years) was substantially 

younger than the average age of stands in other habitats surveyed in Chippewa NF (74 

years). A large proportion of aspen-birch stands in Chippewa NF represent a “middle age 
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class” that has developed a high percent canopy cover that does not allow for the 

development of sub canopy vegetation. Therefore, it is this age class is less suitable for 

Canada Warblers compared to younger or older age classes that are associated with a 

well-developed understory.  

Interspecific interactions. The influence of interspecific interactions on Canada Warbler 

occupancy varied by habitat and by NF. The combined best models included a mixture of 

habitat and bird species co-occurrence depending on habitat. Magnolia Warbler 

abundance was positively associated with Canada Warbler occupancy in swamp conifer 

stands in Superior NF. This relationship is likely associated with commonalities in habitat 

use between the two species. Magnolia Warblers are often associated with regenerating 

clear cuts (Titterington et al. 1979) and disturbed conifer stands where shrub layer 

increases (Burris and Haney 2006), similar to preferences of Canada Warblers. Hermit 

Thrush and Black-and-White Warbler abundance had negative influences on occupancy 

of Canada Warblers. The mechanisms of these influences are unknown but may or may 

not represent competitive interactions. In red pine stands of Chippewa NF, Black-and-

White Warbler abundance was the only significant predictor of occupancy. Additional 

analyses revealed that Canada Warblers were less likely to occupy a stand in a year with 

high Black-and-White Warbler abundance. Both of these species nest on or near the 

ground and exhibit similar habitat preferences in Chippewa NF. While there are no 

documented interactions between Canada Warblers and Black-and-White Warblers, 

several sources cite Black-and-White Warbler aggressive behavior. For example Morse 

(1970, 1989) reports “on territory, inclined to become aggressive toward other wood-
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warblers …”. Similarly, Hermit Thrush are ground nesting species that are much larger 

than Canada Warblers. Hermit Thrush are not known to be an aggressive species 

(Dellinger et al. 2012); however, they may limit available nest site locations in certain 

habitats. Canada Warblers are one of the last species to arrive on the breeding grounds. 

This life history attribute may make them vulnerable to exclusion by other ground nesting 

species that have already established territories and begun nesting by the time Canada 

Warblers arrive. Alternatively, Hermit Thrush and Black-and-White Warbler abundance 

may be associated with biotic or abiotic factors not included in the model sets that 

negatively influence Canada Warbler occupancy. The mechanisms of these interactions 

deserve further study.  

Conclusions 

We demonstrate the usefulness of long-term population monitoring over large 

spatial scales. The results allow us to understand the underlying mechanisms associated 

with habitat use and long term population trends. Further, this information provides 

insight for conservation and management efforts to restore Canada Warbler populations 

and highlights the importance of including multiple habitat types and scale in the 

conservation of species. I found Canada Warblers use many habitats and common 

landscape factors associated with occupancy dynamics are age, composition of the 

landscape at 500m scale, and mean patch size. Additionally, interspecific interactions 

may be important drivers of occupancy dynamics in some habitats. Densities of Canada 

Warblers were highest in mixed aspen stands and swamp conifer stands, habitat specific 

management plans that maximize patch size of mixed aspen stands and minimize open 
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areas in the matrix surrounding swamp conifer stands will increase persistence of the 

species over time.  

The results of this study show that young forests can provide habitat for Canada 

Warblers on a short-term basis but as forest stands mature to mid-successional age class 

(31-70 years old) the stands become less suitable for Canada Warblers. As stands age 

beyond conventional harvest periods (>75 years old) stand heterogeneity increases 

through gap dynamic processes that provide suitable long-term Canada Warbler habitat. 

My evidence suggests forest management practices or natural disturbances that increase 

density of understory vegetation and adequately retains canopy cover of trees are 

beneficial to the species. Reitsma et al. (2010) suggest that population declines of Canada 

Warblers are likely in response to forest succession. My results agree with this statement, 

but the long-term population changes are also likely linked with forest management 

practices and alterations to natural disturbance regimes. For example, short rotations of 

logging (40-70 years) compared with historical fire disturbances (Heinselman 1996), may 

prevent a high proportion of stands from reaching mature, mixed status. These natural 

disturbance regimes provide habitats that contribute to long term persistence of the 

Canada Warbler across the landscape.  

Additional information on the species’ breeding ecology (e.g., nesting success and 

post-fledging activity) in relation to habitat and landscape context are also needed. 

Information on nesting success and food availability in different habitat types across large 

spatial scales would be an important addition to understanding mechanisms associated 

with occupancy dynamics. The extensive changes in habitats and landscapes, such as loss 
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and fragmentation of coniferous forests in the southern portions of the Canada Warbler’s 

breeding range (Mladenoff et al. 1997, Wolter and White 2002) and the extensive 

changes that are occurring in the forests of Canada (Wells 2011) also suggest the need for 

more information.  
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American Redstart 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
11685.71 0.00 1.00 1.00 59 

 
psi(1995),gamma(.),p(year) 11704.16 18.45 0.00 0.00 22 

 
psi(1995),gamma(.),eps(.),p(year) 11706.16 20.45 0.00 0.00 23 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
12660.76 975.05 0.00 0.00 40 

 
psi(1995),gam(.),eps=1-gam,p(year) 12690.64 1004.93 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 13967.09 2281.38 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
11659.81 0.00 0.70 1.00 23 

Appendix A. Summary of candidate model results for 22 wood warbler species detected in 

Superior and Chippewa NF from 1995–2014. K is the number of parameters included in 

the model; Model likelihood is the maximized value of the likelihood function for the 

estimated model; AICc , ΔAICc is the difference in AICc value for model i when compared 

with the top ranked model; AICc wi. is the Akaike weight of model i, which is interpreted 

as the probability that model i is the best model. 
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psi(1995),gamma(.),eps(mps100),p(y

ear) 
11661.51 1.70 0.30 0.43 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
11670.45 10.64 0.00 0.00 23 

 
psi(1995),gamma(.),eps(mps100),p(.) 11682.70 22.89 0.00 0.00 4 

 

psi(1995),gamma(.),eps(year),p(year

) 
11703.55 43.74 0.00 0.00 41 

 
psi(1995),gamma(.),eps(.),p(year) 11706.16 46.35 0.00 0.00 23 

 
psi(1995),gamma(.),eps(year),p(.) 11710.59 50.78 0.00 0.00 22 

 
psi(1995),gamma(.),eps(.),p(.) 11729.40 69.59 0.00 0.00 4 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
11775.79 115.98 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
11787.46 127.65 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
11791.24 131.43 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(.),p(year

) 
11675.33 0.00 1.00 1.00 41 

 
psi(1995),gamma(.),eps(.),p(year) 11706.16 30.83 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
11803.15 127.82 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
11815.11 139.78 0.00 0.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
11844.33 169.00 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
11845.40 170.07 0.00 0.00 23 
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psi(1995),gamma(te100),eps(.),p(yea

r) 
11851.85 176.52 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
11853.03 177.70 0.00 0.00 23 

 

psi(1995),gamma(mps1000),eps(),p(

year) 
11860.55 185.22 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
11924.04 248.71 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
11929.63 254.30 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
11977.21 301.88 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
12042.40 367.07 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
12087.19 411.86 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
12204.80 529.47 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(),p(year

) 
12392.56 717.23 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(),p(y

ear) 
12674.74 999.41 0.00 0.00 23 

Black-and-white Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
16725.37 0.00 1.00 1.00 59 

 
psi(1995),gamma(.),p(year) 16740.60 15.23 0.00 0.00 22 

 
psi(1995),gamma(.),eps(.),p(year) 16740.80 15.43 0.00 0.00 23 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
17078.08 352.71 0.00 0.00 40 
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psi(1995),gam(.),eps=1-gam,p(year) 17109.90 384.53 0.00 0.00 22 

 
psi,gamma(0),eps(0),p(year) 17392.46 667.09 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
16700.33 0.00 1.00 1.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
16717.33 17.00 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
16718.01 17.68 0.00 0.00 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
16738.91 38.58 0.00 0.00 41 

 
psi,gamma(.),eps(.),p(year) 16740.80 40.47 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
16875.03 174.70 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
16884.04 183.71 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
16978.97 278.64 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(.),p(year

) 
16707.61 0.00 0.80 1.00 41 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
16710.43 2.82 0.20 0.24 23 

 
psi(1995),gamma(.),eps(.),p(year) 16740.80 33.19 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
16749.48 41.87 0.00 0.00 23 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
16761.30 53.69 0.00 0.00 23 
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psi(1995),gamma(te1000),eps(.),p(ye

ar) 
16783.91 76.30 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
16786.18 78.57 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
16788.51 80.90 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
16796.01 88.40 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
16799.93 92.32 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
16804.96 97.35 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
16808.44 100.83 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
16815.70 108.09 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
16820.75 113.14 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
16828.97 121.36 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
16851.68 144.07 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
16886.69 179.08 0.00 0.00 23 

Blackburnian Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
15569.26 0.00 0.90 1.00 59 

 
psi(1995),gamma(.),eps(.),p(year) 15573.63 4.37 0.10 0.11 23 

 
psi(1995),gamma(.),p(year) 15583.23 13.97 0.00 0.00 22 
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psi(1995),gam(.),eps=1-gam,p(year) 16253.56 684.30 0.00 0.00 22 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
16257.78 688.52 0.00 0.00 40 

 
psi(.),gamma(0),eps(0),p(year) 16840.78 1271.52 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
15503.82 0.00 0.73 1.00 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
15505.84 2.02 0.27 0.36 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
15513.33 9.51 0.01 0.01 23 

 
psi(1995),gamma(.),eps(.),p(year) 15573.63 69.81 0.00 0.00 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
15579.26 75.44 0.00 0.00 41 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
15741.14 237.32 0.00 0.00 23 

 

psi(year),gamma(.),eps(mps500),p(y

ear) 
15759.60 255.78 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
15800.08 296.26 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
15533.31 0.00 0.98 1.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
15540.92 7.61 0.02 0.02 23 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
15547.94 14.63 0.00 0.00 23 

 

psi(1995),gamma(year),eps(.),p(year

) 
15559.82 26.51 0.00 0.00 41 
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psi(1995),gamma(.),eps(.),p(year) 15573.63 40.32 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
15730.09 196.78 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
15752.49 219.18 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
15754.18 220.87 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
15758.25 224.94 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
15775.37 242.06 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
15783.50 250.19 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
15800.64 267.33 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
15806.25 272.94 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
15832.22 298.91 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
15841.36 308.05 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
15902.53 369.22 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
15931.21 397.90 0.00 0.00 23 

Black-throated Blue Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),p(.) 1422.32 0.00 0.68 1.00 3 

 
psi(1995),gamma(.),eps(.),p(.) 1423.85 1.53 0.32 0.47 4 



 

 174 

 

psi(1995),gamma(year),eps(year),p(.

) 
1452.22 29.90 0.00 0.00 40 

 
psi(1995),gamma(0),eps(0),p(.) 1539.26 116.94 0.00 0.00 4 

 
psi(1995),gam(.),eps=1-gam,p(.) 1577.97 155.65 0.00 0.00 3 

 
psi(1995),gam(year),eps=1-gam,p(.) 1591.43 169.11 0.00 0.00 21 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(mps1000),p(

.) 
1417.58 0.00 0.74 1.00 4 

 
psi(1995),gamma(.),eps(mps500),p(.) 1419.94 2.36 0.23 0.31 4 

 
psi(1995),gamma(.),eps(.),p(.) 1423.85 6.27 0.03 0.04 4 

 
psi(1995),gamma(.),eps(te100),p(.) 1428.41 10.83 0.00 0.00 4 

 
psi(1995),gamma(.),eps(mps100),p(.) 1429.08 11.50 0.00 0.00 4 

 
psi(1995),gamma(.),eps(te1000),p(.) 1434.90 17.32 0.00 0.00 4 

 
psi(1995),gamma(.),eps(year),p(.) 1436.61 19.03 0.00 0.00 22 

 
psi(1995),gamma(.),eps(te500),p(.) 1584.24 166.66 0.00 0.00 4 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(.) 1423.85 0.00 1.00 1.00 4 

 

psi(1995),gamma(mps1000),eps(.),p(

.) 
1460.72 36.87 0.00 0.00 4 

 
psi(1995),gamma(mps500),eps(.),p(.) 1461.83 37.98 0.00 0.00 4 
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psi(1995),gamma(open1000),eps(.),p

(.) 
1462.77 38.92 0.00 0.00 4 

 
psi(1995),gamma(mps100),eps(.),p(.) 1463.66 39.81 0.00 0.00 4 

 

psi(1995),gamma(open500),eps(.),p(.

) 
1480.94 57.09 0.00 0.00 4 

 
psi(1995),gamma(ll1000),eps(.),p(.) 1513.10 89.25 0.00 0.00 4 

 
psi(1995),gamma(up1000),eps(.),p(.) 1533.08 109.23 0.00 0.00 4 

 
psi(1995),gamma(up500),eps(.),p(.) 1533.08 109.23 0.00 0.00 4 

 
psi(1995),gamma(te100),eps(.),p(.) 1533.08 109.23 0.00 0.00 4 

 
psi(1995),gamma(te500),eps(.),p(.) 1533.08 109.23 0.00 0.00 4 

 
psi(1995),gamma(te1000),eps(.),p(.) 1533.08 109.23 0.00 0.00 4 

 
psi(1995),gamma(ll500),eps(.),p(.) 1543.85 120.00 0.00 0.00 4 

 
psi(1995),gamma(up100),eps(.),p(.) 1547.96 124.11 0.00 0.00 4 

 
psi(1995),gamma(year),eps(.),p(.) 1574.38 150.53 0.00 0.00 22 

 

psi(1995),gamma(open100),eps(.),p(.

) 
1595.56 171.71 0.00 0.00 4 

 
psi(1995),gamma(ll100),eps(.),p(.) 1633.86 210.01 0.00 0.00 4 

Black-throated Green Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 12180.58 0.00 0.90 1.00 23 
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psi(1995),gamma(.),p(year) 12184.90 4.32 0.10 0.12 22 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
12193.29 12.71 0.00 0.00 59 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
13595.71 1415.13 0.00 0.00 40 

 
psi(1995),gam(.),eps=1-gam,p(year) 13602.48 1421.90 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 14265.54 2084.96 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 12180.58 0.00 0.97 1.00 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
12187.26 6.68 0.03 0.04 41 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
12207.43 26.85 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
12211.96 31.38 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
12217.66 37.08 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
12259.32 78.74 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
12267.42 86.84 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
12272.84 92.26 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi,gamma(.),eps(.),p(year) 12180.58 0.00 0.89 1.00 23 

 

psi(1995),gamma(year),eps(.),p(year

) 
12184.72 4.14 0.11 0.13 41 
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psi(1995),gamma(te100),eps(.),p(yea

r) 
12276.45 95.87 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
12313.07 132.49 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
12316.85 136.27 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
12375.54 194.96 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
12379.80 199.22 0.00 0.00 23 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
12380.43 199.85 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
12420.49 239.91 0.00 0.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
12430.79 250.21 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
12644.71 464.13 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
12755.28 574.70 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
12812.14 631.56 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
12875.98 695.40 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
12895.89 715.31 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
12921.10 740.52 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
13286.34 1105.76 0.00 0.00 23 

Canada Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 
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psi(1995),gamma(.),p(year) 9384.76 0.00 0.73 1.00 22 

 
psi(1995),gamma(.),eps(.),p(year) 9386.71 1.95 0.27 0.38 23 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
9400.20 15.44 0.00 0.00 59 

 
psi(1995),gam(.),eps=1-gam,p(year) 10086.09 701.33 0.00 0.00 22 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
10102.31 717.55 0.00 0.00 40 

 
psi(1995),gamma(0),eps(0),p(year) 10269.23 884.47 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
9365.17 0.00 1.00 1.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
9379.74 14.57 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
9382.85 17.68 0.00 0.00 23 

 
psi(1995),gamma(.),eps(.),p(year) 9386.71 21.54 0.00 0.00 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
9394.05 28.88 0.00 0.00 41 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
9462.53 97.36 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
9462.83 97.66 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
9510.25 145.08 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 9386.71 0.00 0.99 1.00 23 
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psi(1995),gamma(year),eps(.),p(year

) 
9396.86 10.15 0.01 0.01 41 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
9429.10 42.39 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
9473.01 86.30 0.00 0.00 23 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
9486.42 99.71 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
9634.60 247.89 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
9639.63 252.92 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
9647.25 260.54 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
9700.19 313.48 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
9708.15 321.44 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
9737.10 350.39 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
9796.48 409.77 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
9852.38 465.67 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
9872.99 486.28 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
9958.19 571.48 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
10165.57 778.86 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
10178.21 791.50 0.00 0.00 23 

Cape May Warbler 
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Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 2457.50 0.00 0.96 1.00 23 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
2463.86 6.36 0.04 0.04 59 

 
psi(1995),gamma(.),p(year) 2526.74 69.24 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 2571.86 114.36 0.00 0.00 23 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
2573.47 115.97 0.00 0.00 40 

 
psi(1995),gam(),eps=1-gam,p(year) 2574.06 116.56 0.00 0.00 22 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 2457.50 0.00 0.64 1.00 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
2458.69 1.19 0.36 0.55 41 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
2473.91 16.41 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
2475.43 17.93 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
2478.31 20.81 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
2516.74 59.24 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
2517.13 59.63 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
2519.66 62.16 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 
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psi(1995),gamma(mps1000),eps(.),p(

year) 
2434.48 0.00 0.91 1.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
2439.20 4.72 0.09 0.09 23 

 
psi(1995),gamma(.),eps(.),p(year) 2457.50 23.02 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
2464.75 30.27 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
2501.25 66.77 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
2520.12 85.64 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
2521.68 87.20 0.00 0.00 23 

 
psi(1995),gamma(ll500),eps(.),p(.) 2530.37 95.89 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
2530.72 96.24 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
2542.40 107.92 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
2548.18 113.70 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
2548.18 113.70 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
2548.18 113.70 0.00 0.00 23 

 

psi(1995),gamma(year),eps(.),p(year

) 
2565.34 130.86 0.00 0.00 41 

 

psi(1995),gamma(open500),eps(.),p(

year) 
2568.27 133.79 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
2653.36 218.88 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
2669.53 235.05 0.00 0.00 23 



 

 182 

Connecticut Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(.) 1760.69 0.00 1.00 1.00 4 

 
psi(1995),gamma(.),p(.) 1776.75 16.06 0.00 0.00 3 

 
psi(1995),gam(.),eps=1-gam,p(.) 1933.21 172.52 0.00 0.00 3 

 
psi(1995),gamma(0),eps(0),p(.) 1951.38 190.69 0.00 0.00 4 

 
psi(1995),gam(year),eps=1-gam,p(.) 2089.76 329.07 0.00 0.00 21 

 

psi(1995),gamma(year),eps(year),p(.

) 
2097.34 336.65 0.00 0.00 40 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
1740.25 0.00 1.00 1.00 23 

 
psi(1995),gamma(.),eps(te1000),p(.) 1759.31 19.06 0.00 0.00 4 

 
psi(1995),gamma(.),eps(.),p(.) 1760.69 20.44 0.00 0.00 4 

 
psi(1995),gamma(.),eps(te500),p(.) 1762.70 22.45 0.00 0.00 4 

 
psi(1995),gamma(.),eps(mps100),p(.) 1766.94 26.69 0.00 0.00 4 

 
psi(1995),gamma(.),eps(year),p(.) 1771.93 31.68 0.00 0.00 22 

 
psi(1995),gamma(.),eps(te100),p(.) 1774.67 34.42 0.00 0.00 4 

 
psi(1995),gamma(.),eps(mps500),p(.) 1774.79 34.54 0.00 0.00 4 
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psi(1995),gamma(.),eps(mps1000),p(

.) 
1774.96 34.71 0.00 0.00 4 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(.) 1760.69 0.00 1.00 1.00 4 

 
psi(1995),gamma(mps500),eps(.),p(.) 1796.56 35.87 0.00 0.00 4 

 

psi(1995),gamma(mps1000),eps(.),p(

.) 
1799.74 39.05 0.00 0.00 4 

 
psi(1995),gamma(te100),eps(.),p(.) 1829.83 69.14 0.00 0.00 4 

 
psi(1995),gamma(te500),eps(.),p(.) 1829.83 69.14 0.00 0.00 4 

 
psi(1995),gamma(te1000),eps(.),p(.) 1829.83 69.14 0.00 0.00 4 

 
psi(1995),gamma(up100),eps(.),p(.) 1908.12 147.43 0.00 0.00 4 

 
psi(1995),gamma(up500),eps(.),p(.) 1909.22 148.53 0.00 0.00 4 

 
psi(1995),gamma(up1000),eps(.),p(.) 1916.81 156.12 0.00 0.00 4 

 

psi(1995),gamma(open1000),eps(.),p

(.) 
1922.74 162.05 0.00 0.00 4 

 

psi(1995),gamma(open500),eps(.),p(.

) 
1960.85 200.16 0.00 0.00 4 

 
psi(1995),gamma(ll1000),eps(.),p(.) 1982.01 221.32 0.00 0.00 4 

 
psi(1995),gamma(mps100),eps(.),p(.) 2009.42 248.73 0.00 0.00 4 

 
psi(1995),gamma(ll500),eps(.),p(.) 2062.93 302.24 0.00 0.00 4 

 
psi(1995),gamma(year),eps(.),p(.) 2129.70 369.01 0.00 0.00 22 
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psi(1995),gamma(open100),eps(.),p(.

) 
2177.36 416.67 0.00 0.00 4 

 
psi(1995),gamma(ll100),eps(.),p(.) 2207.63 446.94 0.00 0.00 4 

Common Yellowthroat 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
10150.44 0.00 0.99 1.00 59 

 
psi(1995),gamma(.),eps(.),p(year) 10159.98 9.54 0.01 0.01 23 

 
psi(1995),gamma(.),p(year) 11457.10 1306.66 0.00 0.00 22 

 
psi(1995),gam(.),eps=1-gam,p(year) 11458.07 1307.63 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 11459.10 1308.66 0.00 0.00 23 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
11472.74 1322.30 0.00 0.00 40 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(year),p(year

) 
10159.94 0.00 0.51 1.00 41 

 
psi(1995),gamma(.),eps(.),p(year) 10159.98 0.04 0.50 0.98 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
10200.46 40.52 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
10206.63 46.69 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
10218.88 58.94 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
11459.10 1299.16 0.00 0.00 23 
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psi(1995),gamma(.),eps(te500),p(yea

r) 
11459.10 1299.16 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
11459.10 1299.16 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(.),p(year

) 
10146.52 0.00 1.00 1.00 41 

 
psi(1995),gamma(.),eps(.),p(year) 10159.98 13.46 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
10179.96 33.44 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
10189.38 42.86 0.00 0.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
10228.39 81.87 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
10233.93 87.41 0.00 0.00 23 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
10248.45 101.93 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
10282.06 135.54 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
10351.44 204.92 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
10368.25 221.73 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
10380.73 234.21 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
10453.54 307.02 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
10532.77 386.25 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
10724.03 577.51 0.00 0.00 23 
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psi(1995),gamma(open500),eps(.),p(

year) 
10755.00 608.48 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
11374.20 1227.68 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
11382.30 1235.78 0.00 0.00 23 

Chestnut-sided Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
18726.80 0.00 0.43 1.00 59 

 
psi(1995),gamma(.),p(year) 18726.88 0.08 0.41 0.96 22 

 
psi(1995),gamma(.),eps(.),p(year) 18728.80 2.00 0.16 0.37 23 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
19923.92 1197.12 0.00 0.00 40 

 
psi(.),gam(.),eps=1-gam,p(year) 19960.35 1233.55 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 21391.95 2665.15 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(year),p(year

) 
18724.69 0.00 0.88 1.00 41 

 
psi(1995),gamma(.),eps(.),p(year) 18728.80 4.11 0.11 0.13 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
18733.72 9.03 0.01 0.01 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
18746.54 21.85 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
18756.68 31.99 0.00 0.00 23 
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psi(1995),gamma(.),eps(mps500),p(y

ear) 
18929.32 204.63 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
18941.16 216.47 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
18971.87 247.18 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(.),p(year

) 
18726.35 0.00 0.77 1.00 41 

 
psi(1995),gamma(.),eps(.),p(year) 18728.80 2.45 0.23 0.29 23 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
18769.09 42.74 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
18782.66 56.31 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
18787.11 60.76 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
18797.48 71.13 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
18801.55 75.20 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
18806.89 80.54 0.00 0.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
18810.84 84.49 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
18817.46 91.11 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
18826.98 100.63 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
18851.43 125.08 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
18872.66 146.31 0.00 0.00 23 
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psi(1995),gamma(up100),eps(.),p(ye

ar) 
18919.07 192.72 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
18936.46 210.11 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
18942.27 215.92 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
19175.61 449.26 0.00 0.00 23 

Golden-winged Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 3278.79 0.00 1.00 1.00 23 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
3323.60 44.81 0.00 0.00 59 

 
psi(1995),gamma(.),p(year) 3546.97 268.18 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 3548.97 270.18 0.00 0.00 23 

 
psi(1995),gam(.),eps=1-gam,p(year) 3990.25 711.46 0.00 0.00 22 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
4012.19 733.40 0.00 0.00 40 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 3278.79 0.00 0.94 1.00 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
3284.28 5.49 0.06 0.06 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
3291.39 12.60 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
3293.17 14.38 0.00 0.00 23 
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psi(1995),gamma(.),eps(mps500),p(y

ear) 
3332.30 53.51 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
3333.10 54.31 0.00 0.00 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
3468.68 189.89 0.00 0.00 41 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
3506.98 228.19 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 3278.79 0.00 1.00 1.00 23 

 

psi(1995),gamma(year),eps(.),p(year

) 
3307.01 28.22 0.00 0.00 41 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
3360.47 81.68 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
3369.18 90.39 0.00 0.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
3397.11 118.32 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
3441.10 162.31 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
3441.10 162.31 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
3441.10 162.31 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
3502.55 223.76 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
3512.56 233.77 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
3513.00 234.21 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
3575.79 297.00 0.00 0.00 23 
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psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
3579.70 300.91 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
3590.36 311.57 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
3672.40 393.61 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
4060.00 781.21 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
4089.67 810.88 0.00 0.00 23 

Magnolia Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
11146.51 0.00 1.00 1.00 59 

 
psi(1995),gamma(.),p(year) 11189.79 43.28 0.00 0.00 22 

 
psi(1995),gamma(.),eps(.),p(year) 11191.15 44.64 0.00 0.00 23 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
11959.26 812.75 0.00 0.00 40 

 
psi(1995),gam(.),eps=1-gam,p(year) 11989.14 842.63 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 12171.05 1024.54 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
11118.16 0.00 0.54 1.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
11118.47 0.31 0.46 0.86 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
11170.51 52.35 0.00 0.00 23 
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psi(1995),gamma(.),eps(year),p(year

) 
11176.66 58.50 0.00 0.00 41 

 
psi(1995),gamma(.),eps(.),p(year) 11191.15 72.99 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
11333.61 215.45 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
11353.03 234.87 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
11390.82 272.66 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(.),p(year

) 
11152.19 0.00 1.00 1.00 41 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
11169.80 17.61 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
11170.72 18.53 0.00 0.00 23 

 
psi(1995),gamma(.),eps(.),p(year) 11191.15 38.96 0.00 0.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
11199.47 47.28 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
11437.48 285.29 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
11511.61 359.42 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
11519.06 366.87 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
11558.86 406.67 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
11578.43 426.24 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
11587.41 435.22 0.00 0.00 23 
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psi(1995),gamma(up100),eps(.),p(ye

ar) 
11619.36 467.17 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
11664.06 511.87 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
11678.42 526.23 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
11750.20 598.01 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
11911.98 759.79 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
11987.43 835.24 0.00 0.00 23 

Mourning Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 12974.39 0.00 0.64 1.00 23 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
12976.22 1.83 0.26 0.40 59 

 
psi(1995),gamma(.),p(year) 12978.10 3.71 0.10 0.16 22 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
13844.22 869.83 0.00 0.00 40 

 
psi(1995),gam(.),eps=1-gam,p(year) 13857.17 882.78 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 14325.71 1351.32 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
12966.42 0.00 0.98 1.00 23 

 
psi(1995),gamma(.),eps(.),p(year) 12974.39 7.97 0.02 0.02 23 
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psi(1995),gamma(.),eps(te500),p(yea

r) 
12979.66 13.24 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
12979.75 13.33 0.00 0.00 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
12980.70 14.28 0.00 0.00 41 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
13063.70 97.28 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
13095.57 129.15 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
13104.81 138.39 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 12974.39 0.00 0.86 1.00 23 

 

psi(1995),gamma(year),eps(.),p(year

) 
12978.04 3.65 0.14 0.16 41 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
13042.11 67.72 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
13043.35 68.96 0.00 0.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
13063.70 89.31 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
13133.44 159.05 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
13168.58 194.19 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
13184.21 209.82 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
13194.66 220.27 0.00 0.00 23 

 

psi(1995),gamma(lup1000),eps(.),p(

year) 
13217.10 242.71 0.00 0.00 23 
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psi(1995),gamma(ll500),eps(.),p(yea

r) 
13246.08 271.69 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
13259.71 285.32 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
13291.51 317.12 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
13379.76 405.37 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
13409.35 434.96 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
13429.32 454.93 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
13753.17 778.78 0.00 0.00 23 

Myrtle Warbler (Yellow-rumped) 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
13203.75 0.00 1.00 1.00 59 

 
psi(1995),gamma(.),p(year) 13216.53 12.78 0.00 0.00 22 

 
psi(1995),gamma(.),eps(.),p(year) 13218.44 14.69 0.00 0.00 23 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
13372.76 169.01 0.00 0.00 40 

 
psi(1995),gam(.),eps=1-gam,p(year) 13413.34 209.59 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 14001.94 798.19 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
13183.30 0.00 0.83 1.00 23 
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psi(1995),gamma(.),eps(te500),p(yea

r) 
13186.56 3.26 0.16 0.20 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
13191.75 8.45 0.01 0.01 41 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
13216.64 33.34 0.00 0.00 23 

 
psi(1995),gamma(.),eps(.),p(year) 13218.44 35.14 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
13255.50 72.20 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
13267.92 84.62 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
13268.20 84.90 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
13143.41 0.00 1.00 1.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
13155.71 12.30 0.00 0.00 23 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
13160.15 16.74 0.00 0.00 23 

 

psi(1995),gamma(year),eps(.),p(year

) 
13201.07 57.66 0.00 0.00 41 

 
psi(1995),gamma(.),eps(.),p(year) 13218.44 75.03 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
13244.76 101.35 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
13264.75 121.34 0.00 0.00 23 

 

psi(1995),gamma(lup1000),eps(.),p(

year) 
13282.32 138.91 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
13327.79 184.38 0.00 0.00 23 
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psi(1995),gamma(open1000),eps(.),p

(year) 
13340.06 196.65 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
13348.99 205.58 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
13352.46 209.05 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
13357.10 213.69 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
13374.89 231.48 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
13395.89 252.48 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
13406.99 263.58 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
13408.48 265.07 0.00 0.00 23 

Nashville Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
20117.20 0.00 1.00 1.00 59 

 
psi(1995),gamma(.),p(year) 20194.97 77.77 0.00 0.00 22 

 
psi(1995),gamma(.),eps(.),p(year) 20196.18 78.98 0.00 0.00 23 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
21262.97 1145.77 0.00 0.00 40 

 
psi(.),gam(.),eps=1-gam,p(year) 21320.88 1203.68 0.00 0.00 22 

 
psi(199),gamma(0),eps(0),p(year) 23367.28 3250.08 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 
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psi(1995),gamma(.),eps(year),p(year

) 
20171.52 0.00 1.00 1.00 41 

 
psi(1995),gamma(.),eps(.),p(year) 20196.18 24.66 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
20518.79 347.27 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
20529.93 358.41 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
20621.99 450.47 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
22482.42 2310.90 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
22482.42 2310.90 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
22482.42 2310.90 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(.),p(year

) 
20139.20 0.00 0.00 1.00 41 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
20142.17 2.97 0.18 0.23 23 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
20148.85 9.65 0.01 0.01 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
20163.18 23.98 0.00 0.00 23 

 
psi(1995),gamma(.),eps(.),p(year) 20196.18 56.98 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
20260.60 121.40 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
20264.74 125.54 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
20265.79 126.59 0.00 0.00 23 
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psi(1995),gamma(open1000),eps(.),p

(year) 
20280.55 141.35 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
20286.82 147.62 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
20323.02 183.82 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
20325.36 186.16 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
20327.48 188.28 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
20331.27 192.07 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
22578.35 2439.15 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
22578.35 2439.15 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
23046.88 2907.68 0.00 0.00 23 

Northern Parula 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 9798.65 0.00 0.90 1.00 23 

 
psi(1995),gamma(.),p(year) 9803.06 4.41 0.10 0.11 22 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
9814.77 16.12 0.00 0.00 59 

 
psi(199),gamma(0),eps(0),p(year) 10727.41 928.76 0.00 0.00 23 

 
psi(1995),gam(.),eps=1-gam,p(year) 10818.65 1020.00 0.00 0.00 22 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
10828.95 1030.30 0.00 0.00 40 
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Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
9784.46 0.00 1.00 1.00 23 

 
psi(1995),gamma(.),eps(.),p(year) 9798.65 14.19 0.00 0.00 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
9808.34 23.88 0.00 0.00 41 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
9818.55 34.09 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
9830.20 45.74 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
9841.21 56.75 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
9933.94 149.48 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
9933.94 149.48 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 9798.65 0.00 0.96 1.00 23 

 

psi(1995),gamma(year),eps(.),p(year

) 
9804.77 6.12 0.04 0.05 41 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
9846.11 47.46 0.00 0.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
9859.78 61.13 0.00 0.00 23 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
9869.70 71.05 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
10034.34 235.69 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
10054.88 256.23 0.00 0.00 23 
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psi(1995),gamma(te500),eps(.),p(yea

r) 
10071.95 273.30 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
10130.20 331.55 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
10132.66 334.01 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
10181.68 383.03 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
10206.03 407.38 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
10288.04 489.39 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
10357.78 559.13 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
10499.35 700.70 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
10688.51 889.86 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
10812.57 1013.92 0.00 0.00 23 

Northern Waterthrush 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 3121.47 0.00 1.00 1.00 23 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
3136.34 14.87 0.00 0.00 59 

 
psi(1995),gamma(.),p(year) 3339.74 218.27 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 3341.74 220.27 0.00 0.00 23 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
3525.72 404.25 0.00 0.00 40 
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psi(1995),gam(.),eps=1-gam,p(year) 3526.66 405.19 0.00 0.00 22 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
3115.25 0.00 0.96 1.00 23 

 
psi(1995),gamma(.),eps(.),p(year) 3121.47 6.22 0.04 0.04 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
3130.13 14.88 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
3131.23 15.98 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
3143.16 27.91 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
3143.61 28.36 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
3170.65 55.40 0.00 0.00 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
3297.57 182.32 0.00 0.00 41 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 3121.47 0.90 0.39 0.64 23 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
3227.20 106.63 0.00 0.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
3235.81 115.24 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
3236.00 115.43 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
3282.13 161.56 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
3285.17 164.60 0.00 0.00 23 
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psi(1995),gamma(up500),eps(.),p(ye

ar) 
3289.78 169.21 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
3299.80 179.23 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
3299.80 179.23 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
3391.51 270.94 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
3395.91 275.34 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
3470.94 350.37 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
3480.72 360.15 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
3535.46 414.89 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
3677.34 556.77 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
3728.87 608.30 0.00 0.00 23 

 

psi(1995),gamma(year),eps(.),p(year

) 

No 

converge

nce 
    

Ovenbird 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
19741.92 0.00 1.00 1.00 59 

 
psi(1995),gamma(.),p(year) 19760.64 18.72 0.00 0.00 22 

 
psi(1995),gamma(.),eps(.),p(year) 19762.55 20.63 0.00 0.00 23 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
21167.98 1426.06 0.00 0.00 40 
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psi(.),gam(.),eps=1-gam,p(year) 21187.35 1445.43 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 22260.55 2518.63 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(year),p(year

) 
19723.92 0.00 1.00 1.00 41 

 
psi(1995),gamma(.),eps(.),p(year) 19762.55 38.63 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
19865.60 141.68 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
19867.54 143.62 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
19898.19 174.27 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
21583.43 1859.51 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
21583.43 1859.51 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
21583.43 1859.51 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
19704.09 0.00 1.00 1.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
19738.54 34.45 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
19758.72 54.63 0.00 0.00 23 

 
psi(1995),gamma(.),eps(.),p(year) 19762.55 58.46 0.00 0.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
19768.26 64.17 0.00 0.00 23 
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psi(1995),gamma(year),eps(.),p(year

) 
19772.72 68.63 0.00 0.00 41 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
19793.68 89.59 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
19796.80 92.71 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
19811.96 107.87 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
19828.30 124.21 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
19902.05 197.96 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
19916.28 212.19 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
19952.44 248.35 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
21744.09 2040.00 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
21744.09 2040.00 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
21744.09 2040.00 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
21892.77 2188.68 0.00 0.00 23 

Pine Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 6251.61 0.00 1.00 1.00 23 

 
psi(1995),gamma(.),p(year) 7161.52 909.91 0.00 0.00 22 

 
psi(1995),gamma(0),eps(0),p(year) 7163.52 911.91 0.00 0.00 23 
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psi(1995),gam(.),eps=1-gam,p(year) 7528.02 1276.41 0.00 0.00 22 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
7539.07 1287.46 0.00 0.00 40 

 

psi(1995),gamma(year),eps(year),p(y

ear) 

no 

converge

nce 
  

1.00 59 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(year),p(year

) 
6239.43 0.00 1.00 1.00 41 

 
psi(1995),gamma(.),eps(.),p(year) 6251.61 12.18 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
6256.00 16.57 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
6280.25 40.82 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
6289.11 49.68 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
6302.15 62.72 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
6302.35 62.92 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
6309.00 69.57 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 6251.61 0.00 0.94 1.00 23 

 

psi(1995),gamma(year),eps(.),p(year

) 
6257.26 5.65 0.06 0.06 41 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
6308.46 56.85 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
6330.62 79.01 0.00 0.00 23 
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psi(1995),gamma(mps100),eps(.),p(y

ear) 
6351.90 100.29 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
6497.30 245.69 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
6561.30 309.69 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
6581.32 329.71 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
6720.92 469.31 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
6779.98 528.37 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
6831.60 579.99 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
6945.04 693.43 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
6990.95 739.34 0.00 0.00 23 

 

psi(1995),gamma(.),eps(up100),p(ye

ar) 
7112.52 860.91 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
7149.19 897.58 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
7600.28 1348.67 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
7704.90 1453.29 0.00 0.00 23 

Tennessee Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 1479.09 0.00 0.64 1.00 23 

 
psi(1995),gamma(.),p(year) 1480.26 1.17 0.36 0.56 22 
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psi(1995),gam(.),eps=1-gam,p(year) 1496.10 17.01 0.00 0.00 22 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
1503.41 24.32 0.00 0.00 40 

 

psi(1995),gamma(year),eps(year),p(y

ear) 
1518.65 39.56 0.00 0.00 59 

 
psi(1995),gamma(0),eps(0),p(year) 1532.77 53.68 0.00 0.00 23 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
1475.97 0.00 0.36 1.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
1476.50 0.53 0.28 0.77 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
1476.50 0.53 0.28 0.77 23 

 
psi(1995),gamma(.),eps(.),p(year) 1479.09 3.12 0.08 0.21 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
1535.46 59.49 0.00 0.00 41 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
1574.74 98.77 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
1576.88 100.91 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
1577.03 101.06 0.00 0.00 23 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
1466.06 0.00 0.90 1.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
1470.57 4.51 0.09 0.10 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
1477.77 11.71 0.00 0.00 23 
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psi(1995),gamma(mps100),eps(.),p(y

ear) 
1478.27 12.21 0.00 0.00 23 

 
psi(1995),gamma(.),eps(.),p(year) 1479.09 13.03 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
1479.97 13.91 0.00 0.00 23 

 

psi(1995),gamma(year),eps(.),p(year

) 
1500.27 34.21 0.00 0.00 41 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
1515.24 49.18 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
1517.06 51.00 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
1523.08 57.02 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
1532.77 66.71 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
1532.77 66.71 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
1532.77 66.71 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
1533.18 67.12 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
1535.53 69.47 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
1561.49 95.43 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
1564.23 98.17 0.00 0.00 23 

Western Palm Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),p(.) 939.45 0.00 0.60 1.00 3 
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psi(1995),gamma(.),eps(.),p(.) 940.27 0.82 0.40 0.66 4 

 

psi(1995),gamma(year),eps(year),p(.

) 
950.68 11.23 0.00 0.00 40 

 
psi(1995),gamma(0),eps(0),p(.) 1108.36 168.91 0.00 0.00 4 

 
psi(1995),gam(year),eps=1-gam,p(.) 1184.41 244.96 0.00 0.00 21 

 
psi(1995),gam(.),eps=1-gam,p(.) 1184.43 244.98 0.00 0.00 3 

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(mps100),p(.) 934.21 0.00 0.93 1.00 4 

 
psi(1995),gamma(.),eps(.),p(.) 940.27 6.06 0.05 0.05 4 

 
psi(1995),gamma(.),eps(te1000),p(.) 942.06 7.85 0.02 0.02 4 

 
psi(1995),gamma(.),eps(year),p(.) 948.19 13.98 0.00 0.00 22 

 
psi(1995),gamma(.),eps(mps500),p(.) 949.33 15.12 0.00 0.00 4 

 
psi(1995),gamma(.),eps(te500),p(.) 949.35 15.14 0.00 0.00 4 

 

psi(1995),gamma(.),eps(mps1000),p(

.) 
954.11 19.90 0.00 0.00 4 

 
psi(1995),gamma(.),eps(te100),p(.) 958.93 24.72 0.00 0.00 4 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(.) 940.27 0.00 0.96 1.00 4 

 
psi(1995),gamma(year),eps(.),p(.) 946.86 6.59 0.04 0.04 22 
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psi(1995),gamma(mps1000),eps(.),p(

.) 
960.72 20.45 0.00 0.00 4 

 
psi(1995),gamma(mps500),eps(.),p(.) 963.99 23.72 0.00 0.00 4 

 
psi(1995),gamma(mps100),eps(.),p(.) 977.92 37.65 0.00 0.00 4 

 
psi(1995),gamma(te100),eps(.),p(.) 1036.23 95.96 0.00 0.00 4 

 
psi(1995),gamma(te500),eps(.),p(.) 1036.23 95.96 0.00 0.00 4 

 
psi(1995),gamma(te1000),eps(.),p(.) 1036.23 95.96 0.00 0.00 4 

 
psi(1995),gamma(up100),eps(.),p(.) 1200.06 259.79 0.00 0.00 4 

 
psi(1995),gamma(up500),eps(.),p(.) 1200.34 260.07 0.00 0.00 4 

 
psi(1995),gamma(up1000),eps(.),p(.) 1207.02 266.75 0.00 0.00 4 

 

psi(1995),gamma(open1000),eps(.),p

(.) 
1219.39 279.12 0.00 0.00 4 

 

psi(1995),gamma(open500),eps(.),p(.

) 
1257.98 317.71 0.00 0.00 4 

 
psi(1995),gamma(ll1000),eps(.),p(.) 1264.11 323.84 0.00 0.00 4 

 
psi(1995),gamma(ll500),eps(.),p(.) 1319.29 379.02 0.00 0.00 4 

 

psi(1995),gamma(open100),eps(.),p(.

) 
1382.12 441.85 0.00 0.00 4 

 
psi(1995),gamma(ll100),eps(.),p(.) 1402.65 462.38 0.00 0.00 4 

Yellow Warbler 
     

Metapopulation Dynamics AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 
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psi(1995),gamma(.),eps(.),p(year) 1949.43 0.00 1.00 1.00 23 

 
psi(1995),gamma(0),eps(0),p(year) 2148.76 199.33 0.00 0.00 23 

 
psi(1995),gam(.),eps=1-gam,p(year) 2181.44 232.01 0.00 0.00 22 

 

psi(1995),gam(year),eps=1-

gam,p(year) 
2187.84 238.41 0.00 0.00 40 

 
psi(1995),gamma(.),p(year) 2417.76 468.33 0.00 0.00 22 

 

psi(1995),gamma(year),eps(year),p(y

ear) 

no 

converge

nce 
    

Local Extinction AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 
psi(1995),gamma(.),eps(.),p(year) 1949.43 0.00 1.00 1.00 23 

 

psi(1995),gamma(.),eps(te100),p(yea

r) 
1961.44 12.01 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te500),p(yea

r) 
1971.34 21.91 0.00 0.00 23 

 

psi(1995),gamma(.),eps(te1000),p(ye

ar) 
1973.74 24.31 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps100),p(y

ear) 
2148.18 198.75 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps1000),p(

year) 
2148.76 199.33 0.00 0.00 23 

 

psi(1995),gamma(.),eps(mps500),p(y

ear) 
2148.76 199.33 0.00 0.00 23 

 

psi(1995),gamma(.),eps(year),p(year

) 
2158.49 209.06 0.00 0.00 41 

Colonization AICc ∆AICc 
AIC 

wi 

Model 

likelihood 
K 

 

psi(1995),gamma(year),eps(.),p(year

) 
1937.57 0.00 0.00 1.00 41 
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psi(1995),gamma(.),eps(.),p(year) 1949.43 11.86 

100.0

0 
0.00 23 

 

psi(1995),gamma(mps1000),eps(.),p(

year) 
2081.55 143.98 0.00 0.00 23 

 

psi(1995),gamma(mps500),eps(.),p(y

ear) 
2091.21 153.64 0.00 0.00 23 

 

psi(1995),gamma(mps100),eps(.),p(y

ear) 
2108.34 170.77 0.00 0.00 23 

 

psi(1995),gamma(open1000),eps(.),p

(year) 
2135.40 197.83 0.00 0.00 23 

 

psi(1995),gamma(te100),eps(.),p(yea

r) 
2142.24 204.67 0.00 0.00 23 

 

psi(1995),gamma(te500),eps(.),p(yea

r) 
2142.24 204.67 0.00 0.00 23 

 

psi(1995),gamma(te1000),eps(.),p(ye

ar) 
2142.24 204.67 0.00 0.00 23 

 

psi(1995),gamma(ll1000),eps(.),p(ye

ar) 
2153.11 215.54 0.00 0.00 23 

 

psi(1995),gamma(up1000),eps(.),p(y

ear) 
2167.18 229.61 0.00 0.00 23 

 

psi(1995),gamma(up500),eps(.),p(ye

ar) 
2171.23 233.66 0.00 0.00 23 

 

psi(1995),gamma(ll500),eps(.),p(yea

r) 
2181.05 243.48 0.00 0.00 23 

 

psi(1995),gamma(open500),eps(.),p(

year) 
2182.90 245.33 0.00 0.00 23 

 

psi(1995),gamma(up100),eps(.),p(ye

ar) 
2198.36 260.79 0.00 0.00 23 

 

psi(1995),gamma(open100),eps(.),p(

year) 
2322.67 385.10 0.00 0.00 23 

 

psi(1995),gamma(ll100),eps(.),p(yea

r) 
2336.30 398.73 0.00 0.00 23 
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APPENDIX B 

 

 

 

 

 

Chippewa NF 

Model AICc ∆AICc Wi K 

psi(.),gamma(.),eps(age),p(.) 1805.2 0.0 0.8 4 

psi(.),gamma(.),eps(.),p(.) 1809.4 4.2 0.1 4 

psi(.),gamma(.),eps(aquatic500),p(.) 1810.5 5.3 0.1 4 

psi(.),gamma(.),eps(open500),p(.) 1811.1 6.0 0.0 4 

psi(.),gamma(.),eps(te500),p(.) 1811.6 6.4 0.0 4 

psi(.),gamma(.),eps(mps500),p(.) 1817.6 12.4 0.0 4 

psi(.),gamma(.),eps(mps100),p(.) 1820.5 15.4 0.0 4 

psi(.),gamma(.),eps(te100),p(.) 1821.8 16.6 0.0 4 

psi(.),gamma(.),eps(.),p(year) 1839.6 23.9 0.0 23 

psi(.),gamma(mps100),eps(.),p(.) 1860.0 54.9 0.0 4 

psi(.),gamma(mps500),eps(.),p(.) 1866.2 61.1 0.0 4 

psi(.),gamma(te500),eps(.),p(.) 1879.6 74.5 0.0 4 

psi(.),gamma(te100),eps(.),p(.) 1879.6 74.5 0.0 4 

psi(.),gamma(age),eps(.),p(.) 1883.7 78.5 0.0 4 

psi(.),gamma(yr),eps(yr),p(.) 1925.5 81.7 0.0 40 

psi(.),gamma(open500),eps(.),p(.) 1895.2 90.0 0.0 4 

Appendix B. Forest scale occupancy dynamics- habitat and landscape 

characteristics subset AICc model results. 
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psi(.),gamma(.),eps(grcov),p(.) 1919.5 114.4 0.0 4 

psi(.),gamma(.),eps(shrub),p(.) 1919.5 114.4 0.0 4 

psi(.), gamma(shrub), eps(.), p(.) 1948.2 143.0 0.0 4 

psi(.),gamma(.),eps(distrd),p(.) 1985.7 180.5 0.0 4 

psi(.),gamma(shrub),eps(.),p(.) 2002.7 197.5 0.0 4 

psi(.),gamma(grcov),eps(.),p(.) 2002.7 197.5 0.0 4 

psi(.),gamma(disrd),eps(.),p(.) 2009.6 204.4 0.0 4 

Superior NF 

Model AICc ∆AICc Wi K 

psi(.)gamma(.),eps(age),p(year) 7379.2 0.0 1.0 23 

psi(.),gamma(.),eps(.),p(year) 7402.5 23.3 0.0 23 

psi(.),gamma(.),eps(mps500),p(year) 7405.7 26.5 0.0 23 

psi(.),gamma(.),eps(te100),p(year) 7410.7 31.5 0.0 23 

psi(.),gamma(te500),eps(),p(year) 7417.7 38.4 0.0 23 

psi(.),gamma(.),eps(te500),p(year) 7420.8 41.6 0.0 23 

psi(.),gamma(mps500),eps(.),p(year) 7440.6 61.3 0.0 23 

psi(.),gamma(.),eps(mps100),p(year) 7441.0 61.8 0.0 23 

psi(.),gamma(.),eps(.),p(.) 7445.0 72.5 0.0 4 

psi(.),gamma(open500),eps(age),p(year) 7454.1 74.9 0.0 23 

psi(.),gamma(.),eps(open500),p(year) 7455.6 76.3 0.0 23 

psi(.),gamma(te100),eps(.),p(year) 7460.0 80.8 0.0 23 
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psi(.),gamma(.),eps(aquatic500),p(year) 7461.1 81.8 0.0 23 

psi(.),gamma(.),eps(shrub),p(year) 7519.5 140.2 0.0 23 

psi(.),gamma(.),eps(disrd),p(year) 7520.0 140.7 0.0 23 

psi(.),gamma(.),eps(grcov),p(year) 7520.0 140.8 0.0 23 

psi(.),gamma(aquatic500),eps(.),p(year) 7648.0 268.8 0.0 23 

psi(.),gamma(shrub),eps(.),p(year) 7669.7 290.5 0.0 23 

psi(.),gamma(grcov),eps(.),p(year) 7672.9 293.6 0.0 23 

psi(.),gamma(disrd),eps(.),p(year) 7686.3 307.1 0.0 23 

psi(.),gamma(mps1),eps(.),p(year) 7713.2 334.0 0.0 23 

psi(.)gamma(age),eps(.),p(year) 7713.7 334.4 0.0 23 

psi(.), gamma(year), eps(year), p(year) 
*Failed to 

converge    
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APPENDIX C 

 

 

 

 

 

Chippewa NF 

Model AICc ∆AICc Wi K 

psi,gamma(),eps(500llcon),p() 1786.6 0.0 1.0 4 

psi,gamma(),eps(upcon100),p() 1796.3 9.7 0.0 4 

psi,gamma(),eps(llcon),p() 1798.6 12.0 0.0 4 

psi,gamma(),eps(500upcon),p() 1803.9 17.3 0.0 4 

psi,gamma(),eps(100upmix),p() 1816.1 29.5 0.0 4 

psi,gamma(),eps(100updec),p() 1820.7 34.1 0.0 4 

psi,gamma(),eps(500upmix),p() 1821.5 34.8 0.0 4 

psi,gamma(),eps(updec500),p() 1822.2 35.6 0.0 4 

psi,gamma(updec500),eps(),p() 1917.1 130.5 0.0 4 

psi,gamma(100updec),eps(),p() 1925.7 139.1 0.0 4 

psi,gamma(upmix500),eps(),p() 1951.3 164.7 0.0 4 

psi,gamma(upcon500),eps(),p() 1956.3 169.7 0.0 4 

psi,gamma(100mix),eps(),p() 1959.2 172.5 0.0 4 

psi,gamma(llcon),eps(),p() 1963.1 176.5 0.0 4 

psi,gamma(500llcon),eps(),p() 1970.6 184.0 0.0 4 

psi,gamma(100upcon),eps(),p() 1988.0 201.4 0.0 4 

Appendix C. Forest scale occupancy dynamics habitat composition subset 

AICc model results 
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Superior NF 

Model AICc ∆AICc Wi K 

psi,gamma(.),eps(updec500),p(year) 7386.3 0.0 1.0 23 

psi,gamma(.),eps(updec100),p(year) 7420.0 33.7 0.0 23 

psi,gamma(upcon500),eps(.),p(year) 7451.2 64.9 0.0 23 

psi,gamma(),eps(llcon500),p(year) 7451.3 65.0 0.0 23 

psi,gamma(),eps(upcon500),p(year) 7452.1 65.8 0.0 23 

psi,gamma(.),eps(upcon100),p(year) 7465.9 79.6 0.0 23 

psi,gamma(.),eps(llcon100),p(year) 7466.6 80.3 0.0 23 

psi,gamma(llcon500),eps(),p(year) 7483.3 97.0 0.0 23 

psi,gamma(.),eps(upmix100),p(year) 7492.1 105.8 0.0 23 

psi,gamma(.),eps(upmix500),p(year) 7494.6 108.3 0.0 23 

psi,gamma(upmix500),eps(.),p(year) 7511.5 125.2 0.0 23 

psi,gamma(updec500),eps(),p(year) 7535.5 149.2 0.0 23 

psi,gamma(updec100),eps(.),p(year) 7573.7 187.4 0.0 23 

psi,gamma(llcon100),eps(.),p(year) 7713.3 327.0 0.0 23 

psi,gamma(upcon100),eps(.),p(year) 7713.3 327.0 0.0 23 

psi,gamma(upmix100),eps(.),p(year) 7713.3 327.0 0.0 23 

 

 

 

 

 

 

 


