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ABSTRACT 

 

Patterns of community assembly among organisms are highly influenced by the 

ecological traits and strategies of the species that make up those communities. The 

conservation of ancestral traits can be important in determining how closely related 

species partition space and habitat on a local scale. Shared ecological traits and strategies 

of closely related species suggest that they should overlap in space and use similar 

habitats. However, ecological similarity may result in fitness costs when closely related 

species live together. Previous work on birds suggests that close relatives avoid each 

other by using different habitats. I used the radiation of Dendroica wood-warblers to test 

these two alternative hypotheses and determine how closely related species partition 

space and habitat, and how patterns of spatial overlap and habitat use change over 

evolutionary timescales. I measured territory and habitat overlap among nine sympatric 

species of Dendroica, Setophaga and Mniotila to determine how time since common 

ancestry is related to patterns of spatial overlap and habitat use at the Queen's University 

Biological Station in eastern Ontario. I predicted that closely related species would 

separate by habitat and not overlap their territories. However, I found that the two most 

recently diverged species pairs overlap their territories and habitats significantly more 

than do pairs of more distantly divergent species. This pattern contrasts with previous 

studies on wood-warblers and the ecologically similar Phylloscopus leaf-warblers. These 

results suggest that during allopatric speciation Dendroica species do not differentiate in 

habitat on a local scale; rather, habitat differentiation occurs after closely related species 

have returned to sympatry. 
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CHAPTER 1. Introduction 

 

Community assembly of organisms is generally non-random (Webb et al. 2002). 

Assembly is highly influenced by the ecological traits and strategies of the species within 

communities. Communities of organisms commonly include recently diverged species, 

and these species often share many ecological traits and strategies inherited from their 

common ancestor. Because of this, recently diverged species may use the same habitats 

and cluster spatially within communities. For example, rainforest trees (Webb 2000), 

bacteria in low-productivity environments (Horner-Devine and Bohannan 2006), and 

high altitude hummingbirds (Graham et al. 2009) all cluster spatially within communities 

and utilize similar habitats. Alternatively, fitness costs resulting from overlapping 

resource needs, or divergence in ecogeographic traits in allopatry (Sobel et al. 2010), may 

lead to recently diverged species segregating by habitat as in leaf-warblers (Richman and 

Price 1992), oaks (Cavender-Bares et al. 2004), Ceanothus shrubs (Ackerly et al. 2006), 

wood-warblers (Lovette and Hochachka 2006), schoenid sedges (Slingsby and Verboom 

2006), mycorrhizal fungi (Maherali and Klironomos 2007), and rockfish (Ingram and 

Shurin 2009). 

Many closely related species suffer fitness costs when in sympatry because of resource 

overlap (Darwin 1859; Wallace 1889; Ricklefs and Schluter 1993; Wiens and Graham 

2005; Webb et al. 2006). As a result of these fitness costs, patterns of spatial and habitat 

overlap between closely-related species should change through time. It might be expected 

that closely related species would segregate by habitat before evolving ecological 

differences in behaviour and morphology because changes in behaviour and morphology 
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are thought to require longer periods of time to evolve (Richman and Price 1992). 

Therefore we may expect coexisting species to initially occupy distinct habitats to avoid 

fitness costs of spatial overlap, and gradually diverge over evolutionary time with respect 

to other ecological traits such as foraging behaviour, nest placement, and morphology 

(Richman and Price 1992). 

I wanted to know how recently diverged species partitioned space and habitat locally, 

and how those patterns of spatial partitioning and habitat use change over evolutionary 

timescales. I used the Dendroica wood-warblers as a system for studying these patterns. 

The Dendroica wood-warblers are small insectivorous passerines that have frequently 

been used to study species interactions and community composition from a traditional 

ecological (Ficken et al. 1986; MacArthur 1958; Morse 1967, 1971, 1989) and a 

phylogenetic (Lovette and Hochachka 2006; Price et al. 2000; Rabosky and Lovette 

2008) perspective. Dendroica is particularly suitable because it is an adaptive radiation 

with a large number of sympatric species that span a range of times since divergence. 

Because of this, Dendroica make an ideal system to test how patterns of spatial and 

habitat partitioning differ between pairs of species that differ in degree of divergence and 

ecology. Using this approach, it is possible to determine if patterns of partitioning in 

space and habitat use change over evolutionary time. 

Previous work with Dendroica and the ecologically similar Eurasian Phylloscopus 

suggests that closely related species do not co-occur (Lovette and Hochachka 2006; 

Richman and Price 1992), a pattern that has been attributed to competitive exclusion. 

Richman and Price (1992) showed that there were differences in the ecologies of 

sympatric Phylloscopus, including habitat preference, which separated closely related 
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ecologically similar species. Lovette and Hochacka (2006) used broad-scale point count 

data from the North American Breeding Bird Survey to determine species co-occurrence. 

We attempt to build on this past work by incorporating a finer level of detail in the 

mapping of species co-occurrence. Our study is unique because it looks at the influence 

of phylogeny on spatial interactions between bird species at the level of individual 

territories, where resource overlap should be most important. Dendroica territories are 

multipurpose, used for all breeding, foraging and self-maintenance purposes (Hinde 

1956). Males defend territories against conspecifics (Kendeigh 1958) and sometimes 

other species (Morse 1989) through song and physical aggression (Hinde 1956).  

I measured territory and habitat overlap among sympatric species of Dendroica to 

determine how time since common ancestry is related to patterns of community 

composition and to infer how these patterns change over evolutionary timescales. Based 

on previous studies, we predicted that closely related Dendroica would separate by 

habitat and not overlap their territories (in two dimensions).  
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CHAPTER 2. Literature Review and Hypotheses 

 

Natural communities are non-random assemblages of species. Within communities, 

there are also found non-random patterns of distribution and habitat use that suggest that 

ecological and evolutionary processes may influence where species live. These processes 

may include predation and parasitism, but traditionally ecologists have focused on 

resource competition among species to explain patterns of spatial segregation among 

species. Many closely related species suffer fitness costs when they co-occur because of 

overlapping resource needs (Darwin 1859; Wallace 1889; Ricklefs and Schluter 1993; 

Wiens and Graham 2005; Webb et al. 2006).  

Overlapping resource needs are most common among closely related species because 

recently diverged species often share many ecological traits and strategies inherited from 

their common ancestor. These shared traits and strategies can also cause similar patterns 

of spatial and habitat overlap among closely related species that increases competition for 

resources. Over evolutionary time, competition for resources can drive spatial segregation 

and divergence in habitat use that reduces costs of living together. 

Even without interactions among species, I expect that patterns of spatial and habitat 

overlap between closely-related species should decline over evolutionary timescales. 

Over evolutionary time, species typically diverge from each other with respect to most 

traits, including ecological traits. As a result, resource overlap should diminish as time 

since common ancestry increases, even in the absence of direct interactions.  

In this introductory chapter I outline traditional ecological and evolutionary concepts 

of spatial and habitat overlap in natural communities. First I elucidate some important 
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background information that makes it possible to gain a full understanding of what 

ecologists think drives patterns of spatial and habitat: (1) allopatric speciation and (2) 

adaptive radiation. 

   

Allopatric speciation 

New species can form in a number geographic contexts, but typically form when 

geographically isolated (allopatric) populations diverge from each other and evolve 

reproductive isolation –the critical trait that defines the evolution of a new biological 

species (Coyne and Orr 2004). The generalized process of allopatric speciation begins 

with an ancestral population that becomes divided into two separate populations, either 

through a vicariant or dispersal event, such as in the case of mountain orogenesis.  In this 

example, the mountains are a physical barrier to gene flow which leads to the evolution 

of reproductive isolation of the two populations. Geographically isolated populations 

often experience different selective pressures (for example, different patterns of 

precipitation on either side of the mountain range), and these divergent selection 

pressures acting on different populations are believed to play an important role in the 

evolution of new species (Schluter 2009).  

In some cases, after the geographic barriers have eroded, the new or incipient species 

may expand their ranges into sympatry. When species return to sympatry, differences 

acquired in allopatry may sometimes be reinforced through low fitness of hybrid 

offspring (Schemske 2002; Wiens and Graham 2005; Wilkins 2007; Price 2008), but this 

is not always the case and the universal importance of reinforcement is still unresolved 

(Stre 1997; Adams and Rohlf 2000; Hoskin et al. 2005). Nevertheless, assuming that 
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recently diverged species are indeed full species and hybridization does not occur when 

these species return to sympatry, ecological factors such as similar resource needs, 

parasitism or predation could all be important factors that influence whether or not these 

species will overlap spatially.  

Allopatric speciation is widely considered to be the chief mode of speciation of most 

animals, though there is increasing evidence in the literature for other forms of 

speciation. Sympatric speciation, where species arise without geographical separation, is 

possibly also an important mode of speciation that deserves more study and may be more 

common than once believed (e.g. Friesen et al. 2007; Payne et al. 2000). Nonetheless, the 

allopatric speciation model remains most widely applicable, particularly in birds (Price 

2008). For example, allopatric speciation is often associated with diversification of 

allospecies in refugia during catastrophic climate change. In the Amazon, the interaction 

between the Miocene marine incursion and isolation caused by widening rivers led to the 

split of Spix's (Xiphorhynchus spixii) and Elegant (X. elegans) woodcreepers (Aleixo 

2004) and probably other species pairs. In North America the Pliocene warming period 

and Pleistocene glaciations led to the creation of isolated islands of habitat and 

subsequently the diversification of numerous species of boreal birds (Weir and Schluter 

2004).  

One way in which biodiversity arises is through repeated allopatric speciation 

occurring over and over again. Populations are continuously evolving reproductive 

isolation and new species are constantly forming in geographic isolation. When 

speciation occurs repeatedly over a relatively short period of time among members of a 

closely related group of species, it is termed adaptive radiation. 
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Adaptive radiation 

Adaptive radiation is the rapid evolution of phenotypic, and often ecological diversity 

within a lineage (Schluter 1996, 2000). An ancestral species differentiates into multiple 

new species that differ from the common ancestor and other new species in acquired 

morphological, behavioural or physiological traits. These morphological traits are used to 

exploit distinct ecological niches that differ among species. The term adaptive radiation 

may correspond to diversification of species, families, orders or other higher taxonomic 

ranks, but here I concentrate on the radiation of species.  

Most of the prominent examples of adaptive radiations come from island archipelagos 

such as the Geospiza ground-finches (Mayr 1947; Abbott et al. 1977; Schluter and Grant 

1984; Werner and Sherry 1987) and Nesomimus mockingbirds (Arbogast et al. 2006) of 

Galapagos, and the drepanid honeycreepers (Amadon 1950; Freed et al. 1987; Lovette et 

al. 2001), Drosophila fruit flies (Zimmerman 1970) and Madieae silverswords (Witter 

and Carr 1988) of Hawaii. Volcanic island archipelagos are particularly conducive to 

adaptive radiations because of the large number of unoccupied niches that promote 

differentiation of colonizing species and the geographic isolation of islands within the 

archipelagos. By contrast lone oceanic islands do not give rise to the large number of 

species that archipelagos do; for example, the Geospiza finches radiated into 13 species 

on the Galapagos archipelago but only a single species on isolated Cocos Island. 

There are other examples of adaptive radiations such as East African cichlids. The 

freshwater lakes which this panoply of species inhabit are roughly analogous to the 

radiations of island archipelagos (Meyer 1993) because lakes act like isolated islands. 
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There are also some well-known examples of continental adaptive radiations such as the 

Dendrocia wood-warblers (MacArthur 1958; Mayr 1963; Morse 1989) and Loxia 

crossbills (Benkman and Lindholm 1991; Benkman 1993) in North America and the 

Phylloscopus leaf-warblers in Eurasia (Richman and Price 1992; Price et al. 2000; Price 

2008). Continental radiations are in a sense also similar to archipelago radiations because 

species differentiate in isolated pockets of habitat. Newly colonized insular patches of 

habitat have roughly the same effect as oceanic islands in that they allow for species to 

adapt to, and fill, previously unoccupied niches. The Dendroica wood-warblers, for 

example, are thought to have begun to differentiate in forest “islands” in southern North 

America, before coming into sympatry during a period of increased rainfall and 

subsequent forest expansion (Morse 1989).  

Adaptive radiations are characterized by four criteria: (1) All members of the radiation 

are derived from a common ancestor (Givnish 1997); (2) there must be a demonstrable 

correlation between phenotype and environment for all species in the radiation; (3) 

derived traits must have some adaptive advantage; (4) speciation within an adaptive 

radiation occurs during episodes of higher speciation rates when compared with typical 

evolutionary events before and afterward (Schluter 2000). Examples of adaptive 

radiations that meet these four criteria include Galapagos ground-finches, Anolis lizards, 

Loxia crossbills, and Cincindela tiger beetles. In the case of the Galapagos ground-

finches, each species was derived from a common ancestor and possesses a bill which is 

adapted to break the endocarps of certain seeds depending on the size, shape and 

hardness. The species with the smallest bill eats the smallest and softest seeds while the 

species with the largest bill eats the largest and hardest seeds (Abbott et al. 1977; 
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Schluter and Grant 1984). Differences in body size and perch substrate selection in 

Caribbean Anolis allow lizards to modify their ability to capture prey by increasing 

jumping distance or running speed (Irschick et al. 1997). Red crossbill types (Loxia 

curvirostra) improve handling time for extracting seeds from cones when certain bill 

sizes are used on specific types of cones (Benkman and Lindholm 1991; Benkman 1993). 

Similarly mandible length is important in determining the possible range of prey sizes in 

Cincindela tiger beetles (Pearson and Mury 1979).  

In summary, adaptive radiation is the process by which an ancestral species 

differentiates into multiple new species, each possessing an enhanced ability to exploit a 

unique resource or ecological strategy. All new species in an adaptive radiation are 

derived from a common ancestor; for each species there is a correlation between 

phenotype and environment; derived traits must have some adaptive utility; and 

speciation rates during an adaptive radiation occur at a higher rate than normal. These 

characteristics make adaptive radiations some of the most stunning examples of 

evolution. 

Adaptive radiations are not only incredible examples of evolution but are also very 

useful for understanding how species interactions change over time. Investigating pattern 

of species overlap over evolutionary timescales is a potentially daunting task. The long 

periods of time and broad geographic range over which such interactions occur has made 

them difficult to study from a traditional ecological perspective. In communities made up 

of species from the same recent adaptive radiation that have diverged in allopatry and 

subsequently come back into sympatry, we expect that the conservation of ecological 

traits and strategies can be an important mediator for patterns of overlap. Adaptive 
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radiations where multiple species from a range of times since common ancestry co-exist 

can be used to elucidate how patterns of species overlap change over evolutionary time 

(Gillespie 2004). 

 

Phylogeny and patterns of spatial and territorial overlap 

One of the major tenets of community ecology is that every species in a community 

occupies a different niche, so that competition for resources is minimized (Gause 1932; 

Chesson 2000). Niche differentiation is important for the establishment of biologically 

diverse communities of organisms because it allows many species to coexist with limited 

competition. Niche differentiation may occur at a fine scale so that species within the 

same habitat partition resources within that habitat, or species may partition entire 

habitats or distributional ranges (e.g. Volterra 1926; Gause 1932; Connell 1961, 1980, 

1983; Diamond 1973, 1978; Schoener 1974, 1982, 1984; Cody 1974; Martin 1986, 1996; 

Martin and Martin 2001). 

Niche differentiation within a community varies depending on which species co-occur. 

Resource overlap may be more intense among sympatric, closely related species because 

these species are often similar in their resource needs owing to shared traits from their 

common ancestor (Darwin 1859; Ricklefs and Schluter 1993; Wiens and Graham 2005). 

How are diverse communities of closely related sympatric species maintained? 

Throughout North America members of the genus Dendroica occur in sympatry, often 

occupying the same habitat but managing to coexist because each one exploits a 

particular part of the habitat. In a community of warblers in spruce (Picea spp.) forest, 

each individual species was engaged in foraging behaviour that allowed it to avoid 
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competition with its sympatric congeners (MacArthur 1958). Each of five Dendroica 

species foraged in lateral and vertical locations and hunted for prey along tree branches in 

distinctive ways. Cape May (D. tigrina) and Blackburnian warblers (D. fusca) fed nearest 

the tops of trees but in different manners; Cape May Warblers flycatched more often than 

the Blackburnian Warblers. Cape May Warblers also moved vertically rather than 

radially through the foliage and thus restricted its feeding zone to the outer edge of the 

tree. Yellow-rumped Warblers (D. coronata) employed a diverse array of foraging 

tactics. Yellow-rumped Warblers moved radially, tangentially and vertically in roughly 

equal proportions. Their preferred feeding zone was large, spanning much of the tree and 

included the ground beneath. They fed by a combination of gleaning and flycatching. 

Both Cape May and Yellow-rumped warblers changed trees rather frequently. Black-

throated Green Warbler (D. virens) was the most active of the five Dendroica but also 

among the most restricted in its foraging patterns. It primarily used the densest parts of 

branches, including new buds, mid way up the tree. Most foraging activity was 

tangential. Black-throated Green Warblers gleaned insects from the branches they were 

perched on and those directly above them, unlike any other species. They rarely 

flycatched and had poor success when they attempted flycatching. Even more restricted 

than Black-throated Green Warbler in its feeding zone was Bay-breasted Warbler. It 

foraged primarily mid way up the tree, mainly within the interior network of lichen-

covered branches. Bay-breasted Warblers remained in the same tree for long periods of 

time. They lazily gleaned insects, moving radially through the tree. Blackburnian 

Warblers foraged near the top of spruces. They were intermediate between Black-
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throated Green and Bay-breasted warblers in their foraging movements and likewise 

restricted their hunting behaviour to gleaning with only limited flycatching. 

These five sympatric species of closely related wood-warblers partition their shared 

environment and manage to coexist despite morphological similarities and the lack of 

obvious adaptations for foraging on specific food sources. Wood-warblers that forage in 

different parts of trees not only avoid spatial competition by also seem to prey on 

different insect species. For example Black-throated Green and Blackburnian warblers 

are morphometrically most similar but have differing proportions of stomach contents, 

indicating that differences in food is more likely attributable to behavioural as opposed to 

morphometric adaptations to avoid competition. Furthermore, the bills of Black-throated 

Green and Bay-breasted warblers are most adapted for capturing Lepidotera larvae but 

stomach contents of Bay-breasted Warbler resembled most closely that of Blackburnian 

Warbler; both species that feed in a very similar manner (MacArthur 1958). Sympatric 

wood-warblers occupy the same habitat but partition food resources through behavioural 

differences in foraging which may reduce interspecific competition. 

Although ecological factors play an important role in shaping community composition 

it is difficult to draw firm conclusions without taking into account phylogeny, particularly 

when dealing with communities of closely related species. The influence of recent 

common ancestry on the assortment of species in a community can be particularly 

noticeable when ancestral traits that relate to exploitation of a particular resource are 

conserved across sympatric species.  

The species composition of communities is generally non-random (Webb et al. 2002). 

Among communities with numerous closely-related sympatric species I expect to see two 
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patterns of species composition. The first are communities in which sympatric species are 

ecologically similar to each other because of shared environmental constraints or 

adaptations that increase species co-occurrence (e.g., habitat filtering). Species exhibiting 

this pattern are most likely to be relatively recently diverged. The second are 

communities that may be comprised of sympatric species that are ecologically different 

from each other, a pattern that commonly results from competition for resources and 

competitive exclusion. Species that show this pattern more likely to be relatively distantly 

diverged from each other. 

The first pattern, where environmental constraints are most influential, has been found 

among some of the smallest and largest organisms, from bacteria to tropical trees, and 

may be driven primarily by habitat filtering. Habitat filtering occurs when conservation 

of a trait or suite of traits can make recently diverged species successful in a particular 

habitat. Habitat filtering has been suggested to underlie patterns of phylogenetic 

clustering of bacteria species within single communities. In at least some bacterial 

communities, species diversity is relatively low and most species are phylogenetically 

closely related (Horner-Devine and Bohannan 2006). In Borneo, rainforest trees formed 

communities that were composed of species which were more likely to be 

phylogenetically clustered than expected by chance (Webb 2000). The heterogeneity 

between habitats could explain this pattern. For example, certain clades of trees are better 

adapted to mesic conditions while others are better adapted to xeric conditions, so closely 

related species cluster in their preferred habitat. Hummingbird communities at high 

elevations in the Andes are also phylogenetically clustered. Clustering in this case, as in 
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previous examples is probably the result of habitat filtering resulting from the costs of 

sustaining energetic flight in rarefied air (Graham et al. 2009). 

Competition between species for resources is also underlain by conservation of traits 

from a recent common ancestor. Species that have recently diverged are likely to share 

similar traits associated with exploitation of a particular niche. Although species may be 

able to coexist for a time, eventually a single species may exclude all other competing 

species.  Competitive exclusion occurs across a wide variety of organisms. The pattern of 

species community assembly by which recently diverged species do not co-occur is the 

one most commonly reported in the literature. Ceanothus shrubs (Ackerly et al. 2006), 

Quercus oaks (Cavender-Bares et al. 2004) and schoenid sedges (Slingsby and Verboom 

2006) become arranged in communities of relatively distantly related species. 

In a closed laboratory system, arbuscular mycrorrhizal fungi communities were 

established with even numbers of species (Maherali and Klironomos 2007). In 

communities established with closely related species, the diversity after one year was 

lower than in communities of distantly related species. Conservation of ecological traits 

between closely related species led to competitive exclusion and local extinction. More 

closely related fungi competed for space on their host plant roots. Lineages of fungi with 

similar spatial requirements excluded each other, producing phylogenetically 

overdispersed communities. These communities that were made up of more distantly 

related and therefore ecologically different species were more stable and increased the 

performance of their host plants compared to phylogenetically underdispersed 

communities (Maherali and Klironomos 2007). 
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Ancestral traits and strategies can influence the sorting of species into communities 

along a number of axes simultaneously (Price 2008; Richman and Price 1992). 

Phylloscopus leaf-warblers differ along three separate axes of phenotype-environment 

interactions. Larger warbler species (body size) feed on larger prey and smaller species 

on smaller prey. Species with relatively short tarsi breed in coniferous forest while those 

with longer tarsi bred in deciduous forests. Finally, species with broad beaks flycatched 

more frequently than species with narrow beaks. In all cases, recently diverged species 

were more similar in morphology and associated behaviours than were distantly diverged 

species. Competition resulting from shared ecological similarities was thought to underlie 

the pattern of recently diverged species occupying different habitats and more distantly 

diverged species occupied the same habitats. While more distantly related species tended 

to occupy similar habitats, these species differed more in their morphology and therefore, 

ecology, thus allowing their coexistence (Price 2008; Richman and Price 1992). 

Patterns of community assembly in Sebastes rockfishes depend on the trait in question. 

Gill raker number and length is related to foraging; species with long well-developed gill 

rakers consume mainly plankton, while species with fewer and less well-developed rakers 

feed primarily on larger organisms such as fish. Eye size relative to body size, is related 

to water depth, where species with larger more light-sensitive eyes live in deeper water 

than species with smaller less sensitive eyes. Rockfish communities are phylogenetically 

clustered with regard to eye size but are overdispersed with regard to gill raker 

morphology (Ingram and Shurin 2009). 

North American paruline wood-warblers are also assorted into communities where the 

most closely related and ecologically similar species rarely occur in sympatry. Species 
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with the greatest genetic distance between them were more likely to co-occur than 

species with less genetic divergence. Also, species that were different ecologically, were 

more likely to co-occur. For example, a terrestrial species and an arboreal species, might 

co-occur even if relatively closely related. Again, competitive exclusion due to 

conservation of ecologically important traits is thought to cause this pattern of spatial 

distribution in wood-warblers (Lovette and Hochachka 2006). 

In the Hawaiian Tetragnatha spider radiation, there is also habitat segregation so that 

no two species which fill the same ecological niche occur on the same volcano, but like 

the wood-warblers, there were effects of phylogeny and ecological role influencing 

community composition (Gillespie 2004). Each of the 16 cursorial Tetragnatha spider 

species can be grouped into one of four ecomorphs which are directly associated with a 

specific ecological role. Green ecomorphs are active, leaf-dwelling and feed on flying 

insects; maroon ecomorphs are moss-dwelling and feed on weakly-flying insects; large-

brown ecomorphs are slow-moving, live on tree bark and feed on caterpillars; and small-

brown ecomorphs are active, live on twigs and feed on tiny insects. All members of a 

species are consistently of one ecomorph. On each volcano two to four ecomorphs occur, 

so that not all sites have all possible ecomorphs; but there is never more than one species 

of each ecomorph at any given site. Phylogenetic analysis demonstrates that each 

ecomorph arose more than once in the radiation, so in some cases two very closely 

related species are found together, while in other cases two more distantly related species 

are sympatric. For example T. pilosa is a large-brown ecomorph while its sister species T. 

kauaiensis is a small-brown ecomorph; they both occur on the same volcano (Gillespie 

2004). The pattern of species co-occurrence among Tetragnatha spiders is influenced by 
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phylogeny in part, but is also influenced by ecomorph, which in some cases is 

independent of phylogeny. The Tetragnatha spiders seem to fit pattern (2) most of the 

time, but when a species evolves into an ecomorph that is different from its closest 

relatives, then the pattern can be more like (1). 

Why are some communities made up of more closely related and ecologically similar 

species, while others are composed of more distantly related and less ecologically similar 

species? The answer probably has to do with the evolutionary history of the adaptive 

radiation under examination. Pattern (1), where sympatric species are closely related and 

ecologically similar to each other because of environmental constraints, will arise when 

divergent selection for specific niches occurs early within the adaptive radiation. When 

species fill different niches competitive interactions are relaxed and coexistence is 

possible. Pattern (2), where sympatric species are distantly related and ecologically 

different from each other due to past competition for resources and competitive 

exclusion, is possible when divergent selection for habitat occurs early in the radiation. 

Differentiation of habitat preferences early in the radiation would allow species to avoid 

close relatives by occurring in spatially distinct habitats.  

  

Dendroica wood-warblers 

The Dendroica wood-warblers (family Parulidae) have featured prominently in the 

behavioural, ecological, evolutionary, and ornithological literatures. They have been used 

to study species interactions and community composition from a traditional ecological 

(MacArthur 1958; Morse 1967, 1971; Ficken et al. 1986, Morse 1989) and a 

phylogenetic (Lovette and Hochachka 2006; Price et al. 2000; Rabosky and Lovette 
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2008) perspective. The genus is useful for studying how interactions between species 

change over evolutionary time because it is an adaptive radiation with a large number of 

sympatric species that span a range of times since divergence. 

Adaptive radiations that have numerous sympatric species with differing times since 

common ancestry are useful for understanding how phylogeny affects community 

composition because they act like “snapshots” of evolutionary time. As mentioned, in the 

Tetragnatha spiders, the oldest species occur on the oldest Hawaiian island while more 

recent species occur on the youngest island, with all the gradations between. Gillespie 

(2004) was able to examine the species composition of communities during different 

stages of the radiation. For example, it was possible to ask, how do the spatial 

interactions between spider species that diverged from a common ancestor 5 million 

years ago differ from the spatial interactions of species that diverged 2 million years ago? 

One can ask the same question using the Dendroica wood-warblers. 

Dendroica wood-warblers tend to exhibit a high degree of sympatry throughout their 

range in North America. Up to 12 species can be found at some locations; no other genus 

of North American passerines exhibits such a high degree of overlap. The uncommonly 

high local diversity of Dendroica makes it an excellent system for understanding how 

common ancestry affects community composition because we can compare how species 

interact across the entire duration of the radiation. 

When it comes to studies of sympatric species, it should be cautioned that not all 

measures of sympatry are the same. Sympatry in the most general sense is the 

“occupation of the same geographic area by different populations” (Kunz 2002) or 

species. Each study of sympatry should give a clear definition of the geographic area 
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under investigation. It is possible to examine the degree of geographic overlap between 

two species at vastly different scales. For example, though range maps of two species 

may show that they overlap their ranges nearly completely, slight differences in habitat 

preference may mean that in reality the two species never come into contact at smaller 

geographic scales. The species are in sympatry for a study of ranges, but not in sympatry 

in a study of narrower scope. 

To determine patterns of spatial and habitat overlap, and how those patterns change 

over evolutionary timescale in Dendroica wood-warblers, the correct scale must be 

selected. If competition for resources is considered to be the main factor driving patterns 

of community composition, then a scale at which competition is important must be 

investigated (Cavender-Bares et 2006; Swenson et al. 2006; Tofts and Silvertown 2000). 

Competitive interactions between species only occur at the level in which species actually 

come into contact with each other, so taking too large a scale view will miss any effect of 

competitive interactions. 

Among the Dendroica wood-warblers, competitive interactions take place at the level 

of territory. Dendroica territories are typically multipurpose, used for all breeding, 

foraging and self-maintenance purposes (Hinde 1956). Territories are traditionally 

recognized by biologists as being defended against only conspecifics (Kendeigh 1947). 

However, studies reveal complex interspecific territorial interactions including defence of 

territories against other species (Orians and Willson 1964).  
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Hypotheses and Objectives 

Previous phylogenetic work with Dendroica and the ecologically similar Eurasian 

Phylloscopus suggests that closely related species do not co-occur (Lovette and 

Bermingham 2006; Richman and Price 1992), a pattern they attribute to competitive 

exclusion. I should therefore expect to see no territory overlap or neighbouring between 

the most closely related pairs of species. Alternatively, it is possible that that competitive 

interactions among Dendroica species are not as strong as habitat requirements and that 

the most closely related species will be most likely to overlap or have territories that 

border each other. 

Presently Dendroica includes 29 species. Like some other passerine clades what is and 

what is not considered Dendroica has changed with time. Recent phylogenetic work 

suggests that the boundaries of the genus should be expanded to encompass several 

species not normally included in Dendroica (e.g., Lovette and Bermingham 1999). 

Lovette and Bermingham (1999) produced a phylogenetic reconstruction of the 

Dendroica lineage using maximum likelihood estimates of time since divergence. In 

addition to traditional Dendroica species, their analysis placed American Redstart 

(Setophaga ruticilla) and the Caribbean endemic Whistling Warbler (Catharopeza 

bishop) within the genus. Further work by Lovette and Hochachka (2006) indicated that 

Hooded Warbler (Wilsonia canadensis) and Northern Parula (Parula americana) also 

belonged deep within the Dendroica radiation. Rabosky and Lovette (2008) produced a 

new Bayesian analysis reconstruction which also included Tropical Parula (Parula 

pitiayumi) as sister to Northern Parula. American Redstart and Hooded Warbler retained 

their inclusion in the Dendroica for this analysis as well. Black-and-white Warbler 
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(Mniotilta varia) has long been thought to be closely allied to Dendroica (Kricher 1995; 

Morse 1989), but phylogenetic analysis shows it to be more divergent than once thought 

(Lovette and Hochachka 2006). If phylogenetic hypotheses in the literature are taken into 

account then the genus Dendroica should be expanded to include at least an additional 

five species. Because the American Redstart has consistently appeared to be part of the 

Dendroica radiation in all phylogenies of the clade published to date, I have included it in 

my study as a member of the genus. 

In this thesis, I examine territory and habitat overlap among sympatric species of 

Dendroica to infer how local overlap changes over evolutionary timescales. Results of 

previous studies would suggest that when recently diverged species of Dendroica come 

into secondary contact they should separate by habitat and not overlap their territories. 

However, based on my own field observations at my study site before the present 

research began, I hypothesized that recently diverged species in secondary contact will in 

fact have similar habitat requirement and consequently overlap their territories.  
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CHAPTER 3. Methods 

 

Study Site 

My study site was the Queen’s University Biological Station (QUBS), located near 

Elgin, ON (N44
o
33′ W76

 o
19′). QUBS properties are in excess of 2800 ha of wetlands, 

beaver ponds, abandoned farmlands, rocky uplands and numerous lakes interspersed 

among large tracts of contiguous forest of varying age-classes. Forests of various 

successional stages dominate the properties and are representative of other protected 

habitat in the region. The floral community is an interdigitation of northern (e.g. Betula 

alleghaniensis and Tsuga canadensis) and Carolinian (e.g. Acer nigrum and Quercus 

muehlenbergii) tree species. In forested habitat, the forest canopy is dominated by Pinus 

strobus, A. saccharum, Tilia americana, Fraxinus americana, Quercus spp., and Ulmus 

americana, while the understory is predominantly Ostrya virginiana. 

 

Study Species 

I studied seven species of Dendroica wood-warblers (Parulidae): Yellow Warbler (D. 

petechia), Chestnut-sided Warbler (D. pensylvanica), Cerulean Warbler (D. cerulea), 

Blackburnian Warbler (D. fusca), Yellow-rumped (Myrtle) Warbler (D. coronata), 

Black-throated Green Warbler (D. virens), and Pine Warbler (D. pinus). In addition, I 

included American Redstart (Setophaga ruticilla) on the basis of mitochondrial DNA 

evidence which places this species among the Dendroica (Lovette and Bermingham 

1999; Lovette and Hochachka 2006; Lovette et al. 2010). I also included Black-and-white 

Warbler (Mniotilta varia), which has long been considered to be closely allied to 
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Dendroica but is now known to have diverged much earlier (Lovette and Bermingham 

1999; Lovette et al. 2010). I included Black-and-white Warbler because it provided a 

comparison of spatial and habitat overlap between Dendroica and a more distantly related 

and ecologically distinct species of wood-warbler. Three other Dendroica species, 

Magnolia Warbler (D. magnolia), Black-throated Blue Warbler (D. caerulescens), and 

Prairie Warbler (D. discolor) breed in low density in the QUBS region (Martin 1994; 

Weir 2008; Conboy and Martin 2009) but were not included in my study because they 

were not detected at my point count stations. 

The Dendroica wood-warblers are a guild of migratory, arboreal foliage-gleaning 

insectivores. The American Redstart is phenotypically the most distinctive in that it has a 

broad flattened bill and large rectal bristles and forages similarly to a flycatcher (Keast et 

al. 1995). Black-and-white Warbler is a bark gleaner that picks insects off trunks and 

branches of trees in a manner similar to nuthatches (Sitta sp.) (Osterhaus 1962). The 

species in our study range in size from 9.0-12.5 g and are sexually dichromatic, with 

males more brightly coloured than females. All sing conspicuous and distinctive songs. 

 

Calculating Genetic Distance 

I followed the phylogenetic reconstructions of Rabosky and Lovette (2008: Figure 1), 

and used five mitochondrial genes to estimate genetic distance between clades that 

included our focal species of wood-warblers. Thus, genetic distance estimates are based 

on distances calculated between clades, following the phylogeny of Rabosky and Lovette 

(2008). This phylogeny is a maximum clade credibility tree developed using Bayseian 

analysis of many of the same mtDNA sequences we used in my analysis.  
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All of my genetic data came from GenBank (Appendix 1). Using Clustal X 2.0.11, we 

aligned sequences for 21 Dendroica plus American Redstart, Black-and-White Warbler, 

Hooded Warbler (Wilsonia citrina), Tropical Parula (Parula pitiayumi) and Northern 

Parula (P. americana) which together form a clade that has been well-supported by 

several studies (Lovette and Bermingham 2002; Rabosky and Lovette 2008; Lovette et 

al. 2010). The only continental North American Dendroica I omitted was Golden-

cheeked Warbler (D. chrysoparia), because there was insufficient genetic information 

available. I calculated genetic distance estimates and standard error between taxa using 

MEGA 4.0.2 (Tamura et al. 2007) using pairwise deletion, 1000 bootstrap replications to 

calculate standard errors, and incorporating all positions (coding and noncoding). I 

calculated nucleotide p-distances (i.e., the mean proportion of differences in nucleotide 

sites between species) including transitions and transversions. I assumed uniform rates of 

differentiation among genes and among species.  

 

Calculating Time to Most Recent Common Ancestor 

I used 1040 basepairs of cytochrome b sequence aligned on the cytochrome b gene 

sequence of Domestic Chicken (Gallus gallus domesticus) (Desjardins and Morais 1990). 

I used BEAST (version 1.6.1) to estimate time to most recent common ancestor with the 

molecular clock calibrated for cytochrome b in birds (Weir and Schluter 2008). Within 

BEAST, I set the fixed clock rate to 0.01035 following divergence estimates of 2.07% 

per million years (Weir and Schluter 2008), and used a relaxed, uncorrelated lognormal 

clock. Following previous work, we specified a GTR substitution model, with estimated 

base frequencies, a “Gamma + Invariant Sites” site heterogeneity model, and 4 gamma 
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categories. I used a Birth-Death Process tree prior appropriate for speciation models and 

an auto optimize option to optimize operators used in the analysis. I did an initial run of 

100 million generations and used the initial run to identify parameters that were poorly 

matched to our dataset. I adjusted poorly matched parameters to values recommended by 

the initial run, and conducted a second run of 100 million generations that yielded our 

estimates of time to most recent common ancestor that we used in the analyses. Based on 

the initial run, the upDown nodeHeights (TreeModel) were adjusted to 0.7465 and the 

window size for the random walk integer (branchRates.categories) was adjusted to 2.0. 

The remaining parameters were well-suited to my dataset and thus remained unchanged. 

 

Calculating Sequential Depth of Nodes 

I calculated the sequential depth of nodes for our focal taxa using the phylogenetic 

relationships estimated by Rabosky and Lovette (2008) and Lovette et al. (2010) (see 

Figure 1). The youngest nodes were assigned a value of 1, and each deeper node was 

assigned values 2 through 6 sequentially, with 6 representing the deepest split among our 

focal species (M. varia - all other species). 

 

Selection of Focal Territories 

I selected focal territories for study by conducting point counts at random locations 

throughout the QUBS properties, and randomly selecting focal male wood-warblers that 

were identified on point counts. I selected the location of point count stations by 

generating 1000 random UTM coordinates within a polygon that contained all nine 

QUBS tracts using ArcMap 9.3 (ESRI 2008). I deleted all points that fell outside of 
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QUBS properties or that fell within open water. I further deleted stations that were <400 

m apart in order to eliminate the risk of double counting individual birds; most wood-

warbler species cannot be reliably detected beyond 200 m (Wolf et al. 1995). I detected 

all but 15 of my focal birds within 150 m of the observer, and I did not use any focal 

birds detected beyond 200 m (n=355 detections). When two or more points were closer 

than 400 m, I used the point that was generated first by the random number generator and 

discarded the subsequent conflicting point(s). Once we culled all unacceptable points I 

were left with 95 stations. 

 I conducted two rounds of point counts at each of the 95 different stations during May 

and June of 2008 and 2009. I conducted point counts at the first 53 stations that were 

generated in 2008 and at the remaining 42 stations in 2009; no stations were used in both 

years. I conducted the two rounds of point counts at each station from April 23-May 11 

(round 1), and from June 2-June 13 (round 2) during both years. The first round of point 

counts targeted all early arrivals (Yellow-rumped, Pine and Black-throated Green 

warblers) which typically reduce their singing activity by June (Conboy, personal 

observation). The second round of counts was primarily designed to detect later returning 

species. 

I determined the timing of the second count period based on migration monitoring data 

from Prince Edward Point Bird Observatory (PEPtBO) located 80 km south-south-west 

of QUBS (N43
o
56′ W76

 o
52′). I analyzed banding data gathered through constant effort 

mist netting to estimate the latest possible arrival times of migrants on their breeding 

grounds at QUBS, ensuring that I did not begin the second round of point counts too 

early, and miss late-arriving territorial males. I used a total of 10,708 records of wood-



27 

 

warblers banded at PEPtBO between 1995 and 2007. For each species, I calculated the 

mean day of year that 90% of migrants had passed through PEPtBO. The only exception 

was for Cerulean and Prairie warblers, which had too few records. I deemed 90% passage 

of migrants sufficient, because the very latest birds could have been either local PEPtBO 

breeders, more northern breeders (far north of QUBS), or outliers. Calculations for 90% 

passage of migrants included both sexes. Including females makes my scheduling of the 

second round of point counts more conservative than needed because females are known 

to arrive on the breeding grounds slightly later than males, thus possibly skewing 

calculated arrival times toward a slightly later date (Francis and Cooke 1986; Stewart et 

al. 2002). The beginning of my second round of point counts (June 2) falls after 90% 

passage for all species in our study, which ranges from May 8 to 29 based on PEPtBO 

data (Table 1). Based on my own field observations it appears Cerulean and Prairie 

warblers arrive on their territories at QUBS during the same period as most other “late” 

migrants; therefore, I feel confident that our second round of point counts was not too 

early to detect all representatives of those species. 

I conducted a 10 min unlimited-radius point count at each station (Scott and Ramsey 

1981). Pilot work in 2008 using 30 min counts showed that 90% of singing male warblers 

detected on point counts were heard in the first 10 min. I wanted to be certain I was 

detecting every bird at each station so that we had a large and comprehensive pool of 

random territories to select from. Although a 10 min point count may miss the occasional 

bird, I felt that visiting each site twice was sufficient for detecting the majority of 

territorial males. Time constraints owing to the relative inaccessibility of most of my 
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stations also made it impossible to complete >10 min point counts at all my sites in a 

timely manner. 

For each detected bird, I recorded the minute of first detection and assigned each bird 

to an estimated distance class. Separation of detections into time and distance classes was 

useful for organizing birds during counts so that individuals could be tracked and not 

double-counted (Scott and Ramsey 1981). To further reduce bias, all 192 point counts 

were conducted between 30 min before sunrise and 1100 h by a single observer (MAC) 

to reduce the effects of differences in detection abilities that would occur between 

multiple observers (Kepler and Scott 1981). Weather affects an observer’s ability to 

detect birds and influences bird behaviour. I collected rudimentary weather 

measurements, such as temperature, wind speed and precipitation at each station to 

ensure that point counts were conducted in uniform conditions to minimize the impact of 

weather on the counts. Point counts were not conducted during rain, high winds or 

extreme temperatures. Temperature was measured using a pocket alcohol thermometer 

(H-B Instrument Company) that was hung on nearby vegetation at breast height at the 

beginning of the count; temperature was recorded at the terminus of the count. Wind 

speed was estimated using the Beaufort scale (http://www.bbc.co.uk/weather/features/ 

understanding/beaufort_scale.shtml) at the beginning of the point count. All counts were 

conducted at Beaufort level of three or lower. The occurrence of any precipitation was 

noted but counts were allowed to continue if there was no impediment to aural and visual 

detection. If precipitation was judged to affect the detection of birds, the count was 

stopped and restarted when weather permitted. 
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Once all of the point counts were completed, I compiled a list of all detections of 

Dendroica, Setophaga and Mniotilta. In some cases, I might have counted the same 

individual birds, once on the first round of counts and again on the second round. To 

account for this possibility, I used the maximum number of males of each species 

detected at each station over the two counts. Thus, a point count that recorded two Pine 

Warblers during the first round of counts, and three Pine Warblers during the second 

round of counts would have a maximum number of three male Pine Warblers. I summed 

the maximum number of males of each species detected at each station to calculate the 

relative abundance of warblers on QUBS properties.   

I selected focal males of each species from my list of birds detected on point counts. 

These focal males were then used for intensive study, including territory mapping, habitat 

measurements, and measures of overlap with related species. Focal males (and their 

territories) were selected at random, using a random number generator. I selected only 

one focal territory for each species at each point count station, so that some stations had 

multiple focal territories but never two focal territories of the same species. In some 

instances, males that were counted on point counts were not found at or near the station 

on subsequent visits, suggesting they died, changed territories, or were not settled on a 

territory when detected. In these cases, I randomly selected a new male from the pool of 

remaining males. 

 

Rare Species 

 Only 4 Chestnut-sided Warblers and 3 Blackburnian Warblers were detected on my 

point counts, leaving me with a small sample for these two species. I augmented the 
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sample size for both of these species by actively searching for territorial males in the 

vicinity of QUBS properties (< 8 km away) and adding these non-random males to our 

sample. I included territories selected in this way in calculations of territory overlap but 

not habitat overlap. I measured habitat overlap in these territories but did not include 

them in our analysis because of possible confounding influences of habitat differences 

between these sites and the randomly selected sites used for all other territories. 

 

Mapping Focal Territories 

I colour-banded individual male wood-warblers for territory mapping. Because it was 

impossible to know if we captured the same male that was detected during the point 

count, I simply selected the first male heard singing from the count station upon arrival. 

Males were captured using 6 m long, 30 mm mesh-size mist nets. I attracted the target 

male using playback from a Pignose Legendary 7-100 portable guitar amplifier placed on 

the ground underneath the net. For playback recordings we used a selection of local 

recordings made by Paul R. Martin in previous seasons and the Stokes field guide to bird 

songs: eastern region (Elliott et al. 1997). In some cases we also used a painted model or 

a mounted specimen placed on a low branch to attract the male in to the net. To a lesser 

degree, I used a recording of Black-capped Chickadees (Poecile atricapilla) mobbing an 

Eastern Screech-Owl (Megascops asio) to lure birds into the net. 

A unique combination of standard U.S. Geological Survey/Canadian Wildlife Service 

metal band and three plastic colour bands were applied to each wood-warbler. Each bird 

was then aged and sexed based on criteria in Pyle (1997). Wing cord, tarsus length, fat 

score and mass were measured and recorded for each bird. 



31 

 

At least one day after the male was banded, I returned to the site to map its territory. I 

located the banded male without playback to avoid changing their normal behaviour or 

dragging them off their breeding territory. I followed the male for as long as possible 

during each visit. Using a handheld Garmin GPSMAP 60 unit I collected waypoints at 

singing perches. A point was collected every two minutes or when the bird changed 

perches. Points were collected only when birds were actively singing to make sure that 

the waypoints corresponded to the male’s territory and not extraterritorial forays during 

which males are often silent (Norris and Stutchbury 2001). Most territories were 

successfully mapped in a single visit, but a few needed a second visit to accumulate 

enough waypoints. 

I determined the number of waypoints required to accurately map territories by 

plotting the increasing size of the mapped territory (m
2
) against the accumulated number 

of waypoints. This accumulation curve was constructed by measuring the area of the first 

three waypoints collected at a territory using Garmin MapSource version 6.11.6 (Garmin 

Ltd.). I then added the next point and measured the area again. I did this until all points 

were measured and the curve approached an asymptote. I restricted mapping of territories 

to two dimensions: length and width. I did not attempt to quantify vertical dimensions of 

the territory. Using these accumulation curves, I determined that 50 waypoints were 

sufficient to map the large territories of Yellow-rumped, Black-throated Green and 

Black-and-white Warblers, and fewer were often sufficient for species with smaller 

territories (e.g., American Redstarts).  

Final territories were mapped in ArcMap using minimum convex polygons. When 

mapping the territories I used all of the waypoints, not just the region of densest activity. 
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Mapping Territory Overlap 

Overlapping territories were determined by mapping Dendroica, Mniotilta and 

Setophaga territories that were nearby focal territories. I mapped non-focal territories 

using the same method described above except that, due to time constraints, mapping was 

occasionally halted before 50 waypoints were collected if overlap was determined. 

 

Calculating Territory Overlap 

 For each focal territory, I recorded whether or not other wood-warbler species had 

overlapping breeding territories, where overlap was recorded as either 0 (no) or 1 (yes) 

for each species. I used these values in statistical analyses. For plotting, I calculated the 

proportion of territories that overlapped between species pairs as: (number of overlapping 

territories for the least common species of the species pair) / (total number of focal 

territories of the least common species pair), following methods used in broader estimates 

of sympatry among species (Chesser and Zink 1994; Barraclough and Vogler 2000). This 

approach allowed me to take into account, in part, the difference in species abundance on 

the QUBS properties in my plots. 

 I used playback to establish whether or not I had inadvertently missed any species that 

overlap with the focal territory. I played 2 min of playback for each of the Dendroica 

species, plus Mniotilta and Setophaga near the centre of the focal territory in an attempt 

to elicit response from all species that could have overlapped their territories with the 

focal territory. This enabled me to double check that I had indeed mapped all of the 

potentially overlapping neighbouring territories. 
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Habitat Sampling 

My objective in sampling vegetation was to quantify woody vegetation (trees and 

shrubs) at a high resolution in each of our focal territories. 

I created a 25 m by 25 m grid of QUBS properties which I subsequently overlaid 

across my entire study site. The grid corresponded to the NAD 83 UTM grid. Vegetation 

sampling stations were located at all grid intersections that fell within the GIS polygons 

of focal mapped territories. The number of vegetation sampling points varied between 

territories (within and between species) due to differences in territory size. I address this 

difference in the number of sampling points per territory below. 

I followed our GPS units to each vegetation sampling station until the receiver 

displayed a 0 m to waypoint reading. I planted a stake at this point and used a 5.65 m 

long rope to measure the radius of a circle inside which all trees and shrubs were tallied. 

Trees were defined as any woody-stemmed plant that was > 2 m tall and shrubs were 

defined as any woody-stemmed plant that was over 0.5 m but < 2 m tall. Trees and shrubs 

were classified to species except in the case of some shrub genera which can be 

particularly difficult to identify in the field (e.g., Salix, Crataegus, and Amelanchier), 

which were grouped into generic classes. Dead standing trees were grouped together 

regardless of species because in many cases dead trees could not be identified to species. 

In addition, each tree’s diameter-at-breast-height (DBH) was measured and each tree was 

assigned to a 10 cm DBH class. Samples of unknown species were collected in plastic 

Ziplock bags for identification with the aid of field guides at the lab. To standardize 
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names and identification of woody plants, I used Farrar (1995) as our reference for trees 

and Soper and Heimburger (1994) as my reference for shrubs. 

After all trees and shrubs were tallied, I undertook a canopy transect that was designed 

to quantify the height and species composition of each canopy layer. The stake at the 

centre of the plot was removed and replaced with a 15 m telescopic fibreglass pole. The 

pole was raised through the canopy by one member of the filed team while another tallied 

the species of trees that touched the pole as it ascended through the canopy. Because a 

pole exceeding 15 m in height was impractical to transport in our field site, I was forced 

to estimate the height to canopy layers above 15 m. Estimations of height were facilitated 

by wrapping the first metre of the pole in orange flagging tape, giving a measure of scale 

from which to estimate the remaining distance to each branch. 

 

Classification Tree Analysis of Habitat Overlap 

 I used a total of 215 variables to explain the vegetation characteristics of my focal 

territories (Appendix 3). For the shrub data, I used the mean number of stems per 

sampling station for each shrub species in each focal territory. I also calculated the mean, 

minimum, maximum and range of shrub species and stems across all sampling stations in 

each focal territory. For the trees, I calculated the mean basal area per sampling station 

for each tree species in each focal territory. I also calculated the mean, minimum, 

maximum and range of species, stems and basal area across all sampling stations in each 

focal territory. For the canopy measurements, I used the mean number of interceptions 

(canopy layers) per sampling station per tree species in each focal territory. For the 
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canopy I also calculated the mean, minimum, maximum and range of species and 

interceptions in each focal territory. 

I used a classification tree analysis to estimate habitat differences among species by 

successively maximizing the classification of species using the habitat dataset until a 

classification tree of all species was obtained. I did not use traditional multivariate 

approaches to assessing similarities in habitat among species because these required the 

combining of habitat variables into composite variables that were difficult to interpret, 

and my data did not meet the assumptions required for these tests. 

In the classification tree analysis, the vegetation data (explanatory variables) were split 

along a coordinate axis using binary recursive partitioning, selecting the variables that 

explained the most deviance in vegetative measures among warbler species. Each split is 

a threshold value, for which a mean of the response variable is calculated above and 

below it. The two means are then used to calculate the deviance. Next, the data are split 

into two subsets, one of high values and another of low values relative to the threshold 

value. The process is repeated for all of the explanatory variables until there is no more 

reduction of deviance or there are fewer than six cases (individual wood-warbler 

territories) by default (Crawley 2002). Classification trees were made with R 2.9.2 (2008) 

and the tree package 1.0 (Ripley 2010). We included all 215 vegetation variables (all 

numeric) into this analysis. The order in which variables are listed are important in the 

classification tree analysis, because it picks out the first variable in the list that accounts 

for as much of deviance as possible. Because most of my species are chiefly arboreal 

foragers and nesters I chose to enter the tree data first, followed by the canopy data and 

finally shrub data. I then altered the order of variables to test the effects of variable order. 



36 

 

In my case, deviance values did not change with the order of explanatory variable input, 

indicating that there were no ties among variables in the amount of deviance they 

explained. For the best resolution of our tree we set the minimum deviance to near zero 

(0.000006) and the minimum node size to 2 (Crawley 2002). The response variables were 

the individual territories. 

Divergence in habitat use between species at each node in the phylogeny (Figure 1) 

was calculated using the mean divergence values between all possible pairs of species. I 

used the mean deviance of the difference between territories of the species pair. I used 

these values of habitat divergence as the dependent variable in statistical analyses.  

 

 Analysis of Territory and Habitat Overlap 

 I used R (R Development Core Team 2009) to perform all statistical analyses. 

Hypothesis 1a. Territorial overlap differs between species that recently came into 

secondary contact (node depth = 1) compared with species from deeper nodes (node 

depth > 1). I tested this hypothesis using a generalised linear mixed model (GLMM) with 

a binomial distribution, following Zuur et al. (2009). Territorial overlap was the 

dependent variable (0 or 1), node depth (either 1 or >1) was the fixed factor, abundance 

of the non-focal (overlapping) species was a random factor, and individual territory was 

the subject. I ran the model using the R package MASS (Venables and Ripley 2002). 

Hypothesis 1b. Territorial overlap varies linearly with time since divergence. I tested 

this hypothesis using a generalised linear mixed model (GLMM) with a binomial 

distribution, again following Zuur et al. (2009). Territorial overlap was the dependent 

variable (0 or 1), genetic distance or TMRCA was the fixed factor (in two separate 
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models), abundance of the non-focal (overlapping) species was a random factor, and 

individual territory was the subject. I ran the model using the R package MASS 

(Venables and Ripley 2002). 

Hypothesis 2a. Divergence in habitat use differs between species that recently came 

into secondary contact (node depth = 1) compared with species from deeper nodes (node 

depth > 1). I initially tested this hypothesis using a general linear model with habitat 

deviance between lineages for each node as the dependent variable and node depth (either 

1 or >1) as the fixed factor. Upon validating this model, I found evidence for different 

variance structures between node depth categories that approached significance (Bartlett 

test for homogeneity, K
2 

= 1.89, df = 1, P = 0.17), so I ran a second generalised least 

squares model (GLS) using the nlme package (Pinheiro et al. 2011) and specified 

different variance structures for the different node depths following Zuur et al. (2009: 

Chapter 4). This second model performed marginally better than the first (AIC first 

model = 72.58, AIC second model = 72.03), so I report results from the second model. 

Hypothesis 2b. Divergence in habitat use varies linearly with time since divergence. I 

tested this hypothesis using a general linear model with habitat deviance between 

lineages for each node as the dependent variable and either genetic distance or TMRCA 

as the fixed factors in two separate models. I found the first model to perform poorly 

upon validation. A plot of the data showed a non-linear pattern overall, but suggested a 

linear pattern with time since divergence after the initial secondary contact. Thus, I ran a 

second general linear model with the youngest nodes (node = 1) removed, to test the 

hypothesis that divergence in habitat use varies linearly after the initial secondary 
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contact. For this second analysis, habitat divergence was log transformed prior to analysis 

to linearize relationships. 
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CHAPTER 4. Results 

 

Genetic Distance 

The mean proportion of nucleotide sites that differed between species for each node in 

the phylogeny of my study species was: node A 0.039, node B 0.055, node C 0.056, node 

D 0.061, node E 0.063, node F 0.066, node G 0.064, and node H 0.092 (Figure 1). 

 

Time to Most Recent Common Ancestor 

 The time to most recent common ancestor (in millions of years) that I calculated for 

each node in the phylogeny was: A 2.713, node B 3.110, node C 3.310, node D 4.203, 

node E 4.793, node F 5.603, node G 5.023, and node H 9.298 (Figure 1). 

 

Territory Overlap 

 Over two seasons and 95 randomly located point counts, I counted a total of 265  

individual singing male Dendroica, Mniotilta, and Setophaga wood-warblers. The total 

count for each species was D. petechia 43, D. pensylvanica 4, D. coronata 50, D. virens 

29, D. fusca 3, D. pinus 26, D. cerulea 27, M. varia 49 and S. ruticilla 34. After randomly 

selecting focal territories from the point count data, I mapped a total of 111 focal 

territories for the 9 species. The number of focal territories per species was D. petechia 

11, D. pensylvanica 4, D. coronata 11, D. virens 17, D. fusca 3, D. pinus 14, D. cerulea 

13, M. varia 10 and S. ruticilla 12. I subsequently added an additional 6 D. fusca and 5 D. 

pensylvanica territories from the area around QUBS for a total of 10 D. fusca and 9 D. 

pensylvanica territories. I recorded a total of 127 incidences of overlap between a focal 
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and a non-focal territory (Table 2). The proportion of overlapping territories for each 

species pair is summarized in Table 3. 

 

Habitat Overlap 

The classification tree of Dendroica, Mniotilta and Setophaga territory habitats 

selected 23 of the 215 variables to use in the classification: Acer rubrum trees, 

Amelanchier sp. trees, Betula papyrifera trees, Carpinus caroliniana trees, Carya ovata 

trees, Celastrus scandens trees, Cornus sp. trees, Fraxinus americana canopy 

interceptions, maximum tree stems, mean canopy interceptions, mean canopy species, 

mean shrub stems, mean tree species, mean tree stems, minimum basal area, minimum 

tree stems, Ostrya virginiana canopy interceptions, Ostrya virginiana shrubs, Pinus 

strobus trees, Quercus rubra trees, range of tree stems, Tilia americana trees, and Tsuga 

canadensis trees. 

The binary recursive partitioning method produced a tree with 31 nodes for our 95 

territories from 9 species (Figure 2).  Many branch tips contained more than one territory, 

with the largest grouping being all 11 D. petechia territories. There was no residual mean 

deviance and the misclassification error rate was 0. The actual deviance numbers and 

partition thresholds for each node are listed in Appendix 3. The deviance for each species 

pair is summarized in Table 3. 

 

Analysis of Territory and Habitat Overlap 

Hypothesis 1. Species that recently came into secondary contact (node depth = 1) were 

more likely to overlap their territories compared with species from deeper nodes (node 
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depth > 1) (GLMM, t = 5.96, df = 748, P < 0.0001; Figure 3). Territorial overlap, 

however, did not vary linearly with either genetic distance (GLMM, t = 0.16, df = 748, P 

= 0.87) or TMRCA (GLMM, t = 0.36, df = 748, P = 0.72; Figure 3). 

Hypothesis 2. Species that recently came into secondary contact (node depth = 1) 

occupied territories with more similar habitat characteristics compared with species from 

deeper nodes (node depth > 1) (GLS, t = 8.19, df = 8,6, P = 0.0002; Figure 4). Habitat 

divergence, however, did not change linearly with either genetic distance (GLM, t = 0.45, 

df = 7,6, P = 0.46) or TMRCA (GLM, t = 0.41, df = 7,6, P = 0.69; Figure 4). Removing 

the youngest nodes from the analysis suggests that species use more similar habitat as 

they diverge over evolutionary time as estimated by both genetic distance (GLM, t = 

2.73, df = 5,4, P = 0.052) and TMRCA (GLM, t = 3.26, df = 5,4, P = 0.031). Both of 

these latter analyses were heavily influenced by M. varia (Cook's distance > 1 for this 

point), but the results showed greater statistical significance if this point was removed (P 

< 0.05 for both analyses). Overall, results suggest that species coming into secondary 

contact initially use similar habitat, but then diverge rapidly in habitat use, and then 

gradually use more similar habitat over evolutionary time. 
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CHAPTER 5. Discussion and Summary 

 

I found that patterns of territorial overlap and habitat use vary with time since 

divergence among Dendroica, Setophaga and Mniotilta wood-warblers. More recently 

diverged species in the early stages of secondary contact tend to overlap their territories 

and breeding habitats more than distantly related species. However, the decline in 

territory overlap and habitat similarities was not linear. Instead, my results show that in 

the nine species of wood-warblers we studied, there is an abrupt change from a high 

degree of territory and habitat overlap to little or no overlap at about 2.7 million years 

since divergence, and associated with lineages that were probably sympatric for longer 

periods of time. I suspect that the pattern of spatial clustering (territory overlap) and use 

of similar habitat among the most closely-related species is strongly influenced by habitat 

requirements and preferences that were inherited from a recent common ancestor (niche 

conservatism). 

From a historical perspective, my results suggest that Dendroica, Setophaga and 

Mniotilta species may have differentiated little with regard to habitat preferences and use 

in allopatry. When those species came into sympatry, the youngest species tended to 

occupy the same habitats on a local scale (<10 km
2
), despite potential fitness costs 

associated with similar resource use and requirements (Martin 1996). Once in sympatry, 

Dendroica species appear to diverge over evolutionary time to use distinct habitats and 

resources, resulting in the relatively low degree of territory and habitat overlap seen 

among the more distantly related species. My findings then are a striking snapshot of 

interspecific relations at different times since divergence. My findings suggest that 
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Dendroica initially overlap breeding territories and habitat in sympatry, then diverge to 

use distinct habitats, and gradually increase their overlap in habitat use over evolutionary 

time (Figures 3, 4).  

On a theoretical level, my findings are contrary to what we initially predicted. I 

expected that closely related sympatric species would segregate by habitat before 

evolving behavioural and morphological differences that would allow coexistence. 

Changes to behaviour and morphology may require longer periods of time to evolve, 

making changes in habitat an easier way to segregate spatially and avoid costs of 

ecological overlap (Richman and Price 1992). Initial divergence in habitat among 

closely-related sympatric species followed by divergence in foraging behaviours and 

morphologies among more distantly related species, was described previously in a study 

of Phylloscopus warblers in Asia (Richman and Price 1992). Thus, patterns in 

Phylloscopus warblers contrast with the results of my study, where recently diverged 

Dendroica clustered spatially and used similar habitats on our study sites. 

My results also contrast with another recent study on North American wood-warblers 

that found recently diverged species co-occur infrequently. Lovette and Hochachka 

(2006) used breeding bird point count data from across North America to assess co-

occurrence of species on a comparatively broad spatial scale, especially compared to our 

local scale study. Taking the results of Lovette and Hochachka (2006) and my study 

together, I suggest that patterns of habitat use differ among closely-related species at 

broad spatial scales, but are conserved when closely-related species co-occur at local 

spatial scales where broadly different habitats are not available. 



44 

 

In support of this interpretation, the Ontario Breeding Bird Atlas documented the 

abundances of my most closely-related species pair (D. petechia and D. pensylvanica) to 

negatively covary across broad spatial scales (Ontario; Cadman et al. 2007) in contrast to 

my local study, where the two species clustered. Despite clustering on a local scale, the 

broader patterns of segregation between these two species were evident in my study – D. 

pensylvanica was rare on our study sites, with D. petechia outnumbering D. pensylvanica 

8:1. 

 

How do Ecologically Similar, Closely Related Species Coexist? 

In my study, the most recently diverged pairs of species were D. petechia and D. 

pensylvanica, and D. coronata and D. pinus. D. petechia-pensylvanica are believed to 

have diverged from a recent common ancestor about 2.7 million years ago, while D. 

coronata-pinus are believed to have diverged about 3.1 million years ago. D. 

pensylvanica overlapped their territories with D. petechia 78% of the time, providing the 

second highest level of territory overlap between any species pair of Dendroica. D. 

petechia and D. pensylvanica also had the lowest mean deviance in habitat characteristics 

for any species pair (deviance = 54.03). D. pinus overlapped their territories with D. 

coronata 90% of the time, the highest of any species pair in my study. The habitat 

deviance was 66.90, the second lowest. 

The similarities in both territory overlap and habitat characteristics between D. 

petechia and D. pensylvanica, and D. coronata and D. pinus suggests that both species 

within each respective pair have similar resource needs. Two species occurring in the 

same habitat may mean that they have found a way to parse out resource use so as to 



45 

 

avoid competition. However, high levels of territory overlap between species within the 

same habitat suggests that both members of these species pairs are interested in, and 

potentially competing for, the same resources. Generally speaking, recently diverged 

species tend to overlap in their morphology and behaviour which may lead to common 

resource requirements. Despite similarities in food, foraging behaviour and nest 

placement (discussed below), pairs of the most recently diverged species tend to co-occur 

at fine spatial scales on our sites. 

Overlapping resource needs among D. petechia and D. pensylvanica might be 

expected, because they are ecologically similar in many ways. For example, in the 

breeding season both species feed mostly on adult and larval insects (Richardson and 

Brauning 1995; Lowther et al. 1999) and other arthropods. They forage in the same zones 

of trees, mainly toward the tips of small limbs. They also glean and occasionally flycatch 

insects at all levels in the vegetation (Morse 1973). Yellow and chestnut-sided warblers 

also place their nests in similar locations (Peck and James 1987). The similarity of food 

preferences, foraging behaviour and nest placement suggests that these two species 

should experience some overlap of resource use. However, initial observations suggest 

that resource-related competition may not be an important factor for D. petechia and D. 

pensylvanica at my study sites. At one point count station, D. petechia overlapped their 

territories with both conspecifics and D. pensylvanica, suggesting that resources might be 

particularly rich and not a limiting factor for those species. D. petechia shows substantial 

intraspecific aggression (Greenberg 1994; MAC, personal observation), but I saw no 

cases of D. petechia engaged in aggressive interactions with D. pensylvanica. That does 

not preclude interactions between these species at our site; aggressive interactions 
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between the two species were described by Morse (1966) from breeding sites in the 

northeastern USA.  

Overlap of resource use between D. coronata and D. pinus may be mitigated in part by 

the plasticity of behaviours in D. coronata. D. coronata and D. pinus, however, do differ 

in foraging behaviours; D. coronata flycatch and forage on the ground more often than D. 

pinus (MacArthur 1958; Ficken and Ficken 1962; Sabo 1980; Franzreb 1983; Airola and 

Barrett 1985; Morse 1968). D. coronata also cling to vertical bark on tree trunks while 

gleaning arthropods and insect pupae (Bent 1953; Ficken and Ficken 1962). In contrast 

D. pinus seem to restrict most of their foraging behaviour to the middle and upper parts 

of tree foliage, where they chiefly glean prey from branch tips and bark, almost always in 

Pinus spp. at my study site and elsewhere in their range (Rodewald et al. 1999; MAC, 

personal observation). In addition, D. pinus will on occasion extract insect prey and seeds 

from pine cones (Roberts 1932; Morse 1967; Latta and Sondreal 1999). D. pinus are very 

restricted to Pinus spp. and appear to employ a limited repertoire of foraging strategies, 

whereas D. coronata use a broader array of foraging behaviours. 

The nesting ecology of D. coronata and D. pinus is also similar, but again D. coronata 

seem to be more general in their nest placement than D. pinus. At my study site, D. 

coronata typically place their nest in a fork, crotch or on the main stem of a horizontal 

branch of a conifer, usually a Pinus strobus or more rarely in Thuja occidentalis (Peck 

and James 1987; P.R. Martin, personal observation). Nest height can range from 1.2-15.2 

m above the ground (Harrison 1975).  D. pinus always nest in P. strobus (or, less 

commonly, P. resinosa) at my study site, and in various Pinus spp throughout its range 

(Peck and James 1987; Palmer-Ball 1996). The nest is usually placed high up in the tree 
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on a horizontal limb, in a fork or among needles and usually far away from the trunk 

(Rodewald et al. 1999). The nest height is dependent on tree height but can range from 

0.6-41.1 m (Cornell Nest Record Card Program in Rodewald et al. 1999). 

The nearly identical habitat requirements and similar ecologies of D. coronata and D. 

pinus suggest that although they manage to coexist, I would expect there to be 

competitive interactions between them. I have observed male D. pinus aggressively 

chasing male and female D. coronata. Male D. pinus also responded aggressively to 

playback of D. coronata songs. Based on these observations, D. coronata appear to be 

subordinate to the larger D. pinus. D. coronata are also known to be subordinate to D. 

virens and D. magnolia in other parts of their breeding range, and will change their 

foraging patterns in response to the presence of aggressive D. virens (Morse 1976b). The 

generalist and plastic nature of foraging and nesting behaviour in D. coronata may be an 

adaptation to interspecific competition for food or nest sites (Sabo 1980; Martin and Karr 

1990) and allow these two species to co-exist. 

Overall, the two most recently diverged species pairs in my study overlap their 

territories and habitats more than any other species pairs. Although I have an incomplete 

understanding of the ways in which these respective species pairs coexist, I suggest that 

D. petechia and D. pensylvanica have different behavioural and ecological interactions 

and costs to coexistence than D. coronata and D. pinus. 

 

Ecological Partitioning Among Distantly Related Species 

 My results suggest that divergence in habitat preference on a local scale in Dendroica 

occurs after closely related species return to sympatry. My results also suggest that when 
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recently diverged species come back into sympatry they initially occupy the same habitat. 

Over time, recent species begin to segregate by habitat. My study does not address the 

reasons for why species eventually move into different habitats. This may occur because 

of competitive interactions that are the result of shared ancestral traits which forces some 

species to adapt to new habitats (Lovette and Hochachka 2006). Competition may 

eventually lead to exclusion of a subordinate species from a habitat (Connell 1961) and 

may be a driving factor behind the pattern I found in Dendroica. Other factors may also 

play a role. For example, predation pressure may also cause sympatric species to expand 

into new habitats. In sympatric Vermivora celata and V. virginiae, both species incur 

higher fitness costs when they co-occur than they did on experimental plots where one 

species was removed. The behaviourally dominant V. celata is aggressive towards the 

subordinate V. virginiae not because of competition for resources, but instead because of 

higher rates of nest predation when these congeners co-occur (Martin and Martin 2001). 

Additional hypothesises that may lead to divergence in habitat may include avoiding 

competition for acoustic space or avoiding misdirected intraspecific aggression. 

Whatever the case, it appears that Dendroica wood-warblers adopt new habitat 

preferences after coming back into sympatry. 

 Among my study species one of the most striking shifts in habitat occurs between D. 

fusca and its closest relatives, D. petechia and D. pensylvanica which show no territory 

overlap. The D. fusca-petechia/pensylvanica node is the third most recent node in the 

phylogeny (Figure 1) and yet there is no territory overlap whatsoever on my study sites 

and very little habitat similarity. Instead, D. fusca overlaps its territories with D. virens, 

D. pinus and M. varia more than any other species (Table 4). D. fusca inhabits Pinus 
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strobus dominated forest at my study site in sharp contrast to the shrub dominated 

habitats of the D. petechia and D. pensylvanica. D. fusca habitat is most similar to that of 

the D. pinus. In fact, the rarity of D. fusca at my study site may be partly explained by 

their overlapping habitat with D. pinus. D. fusca appear to be behaviourally subordinate 

to D. coronata (Morse 1976) and D. pinus (P.R. Martin, personal observation). 

Interspecific interactions between these three species may thus contribute to the rarity of 

D. fusca at my study site, where aggressive D. coronata and D. pinus may exclude most 

D. fusca from otherwise suitable habitat. 

 The two most distantly divergent study species on my sites are both phenotypically 

and behaviourally distinct from the other species. S. ruticilla has a broad beak with long 

rictal bristles and flycatches insects, often by flushing them from vegetation. M. varia 

behaves more like a Sitta spp., climbing on bark and limbs while foraging. These 

behavioural adaptations may help these species co-exist with other species by reducing 

overlap in resource use, and thus fitness costs of coexistence. For example, M. varia has a 

relatively high degree of habitat similarity to other species and shows widespread 

territory overlap with Dendroica. However, M. varia is behaviourally very different, 

potentially promoting coexistence with species such as D. coronata and D. cerulea, the 

two species with which it has lowest habitat deviance. 

 

Relationships of Scale 

The spatial clustering of closely related, ecologically similar, species is often the result 

of shared traits that compel species to share the same habitats or environments (Darwin 

1859; Wallace 1889; Ricklefs and Schluter 1993; Wiens and Graham 2005; Webb et al. 
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2006); sometimes this process is referred to as habitat or environmental filtering. 

Consistent with this process, I found that the most closely related pairs of wood-warblers 

overlapped spatially and shared many habitat characteristics. Previous work has 

highlighted phylogenetic clustering in communities of Andean high-elevation 

hummingbirds, where clustered species share specialized adaptations to reduce the high 

cost of sustaining energetic flight in rarefied air (Graham et al. 2009). In Borneo, closely 

related species of rainforest trees cluster spatially in response to heterogeneous regimes 

of moisture and nutrients. Lingering ancestral characters make some clades of trees better 

adapted to flooded forest, while ancestral traits in other clades are best adapted for dryer 

upland conditions (Webb 2000). Even some bacteria exhibit a pattern of phylogenetic 

clustering which seems to be driven by a gradient of overall habitat productivity such that 

environments with relatively low productivity can only be occupied by certain closely 

related taxa (Horner-Devine and Bohannan 2006). 

Important differences exist between these previous studies and my current work, 

particularly with regard to the geographical and temporal scales at which species co-

occur. I measured spatial and habitat overlap among wood-warblers at a very fine scale of 

individual territories (~25-50 m), while previous studies have incorporated patterns on 

the scales of countries (e.g., Graham et al. 2009) and continents (Lovette and Hochachka 

2006). The spatial clustering among Andean hummingbirds was inferred from checklists 

compiled from locations, not from mapping actual overlap among individual birds 

(Graham et al. 2009), and thus clustering species may not overlap their territories 

whatsoever. Another geographical consideration has to do with the vagility of organisms. 

For example, measurements of spatial overlap among songbirds have the potential to be 
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very different from measurements of spatial overlap in plants. Birds which are highly 

mobile have the ability to occupy the same geographical area, whereas plants being 

sessile can never truly occupy the exact same location, although their leaves and roots 

often intermingle. 

Differences in temporal scale between studies are also an important consideration. I 

looked at overlap among closely related species, while many previous studies have 

focused on higher taxonomic levels, such as clustering of genera or families that have 

diverged for much longer periods of time. Though there is clustering of bacteria within 

certain productivity gradients at a broad taxonomic scale (Horner-Devine and Bohannan 

2006), there may be additional clustering or exclusion within each productivity gradient 

at the species level. It is important to consider the different geographical (i.e., narrow or 

broad) and temporal scales (i.e., families or species) when considering the implications 

for spatial or habitat overlap; in our study I find evidence for changes in spatial and 

habitat overlap over both evolutionary time (Figures 3, 4), and geographic scale (cf. 

Figure 3,4 and Cadman et al. 2007). I await a more complete understanding of the 

evolutionary ecology of communities that thoroughly incorporates broad and repeatable 

patterns across both space and time. 

 

Conclusion 

My results show that recently diverged Dendroica are more likely to coexist and use 

similar habitats, while more distantly divergent species are more likely to use distinct 

habitats and do not co-occur as often. Differentiation in habitat requirements in allopatry 

does not appear to be sufficient to separate species when they come into secondary 
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sympatry. Rather, I suggest that interactions between recently diverged sympatric species 

may be very important in shaping patterns of community composition among wood-

warblers as time progresses. 

 

Summary 

In nature, communities of organisms form communities with non-random patterns of 

space and habitat use. Such patterns may be driven by ecological and evolutionary 

processes. The traditional ecological view has focused on resource competition among 

species, with closely related species typically suffering fitness costs when they co-occur 

because of overlapping resource needs, thus leading to segregation. 

Because similarity in resource needs is most common among closely related species, 

competition for resources should be reduced between species as time since common 

ancestry increases. I expected that patterns of spatial and habitat overlap between closely-

related species should decline over evolutionary timescales, as species diverge in 

ecological traits. 

In this thesis, I examined territory and habitat overlap among sympatric species of 

Dendroica wood-warblers to infer how overlap of breeding territories and habitats 

changes over evolutionary timescales. 

I found (1) that species which recently came into secondary contact were more likely 

to overlap their territories compared with species that were more distantly diverged. 

Territorial overlap, however, did not vary linearly with either genetic distance. (2) 

Species that recently came into secondary contact occupied territories with more similar 

habitat characteristics compared with species that were more distantly diverged. Habitat 
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divergence, however, did not change linearly with either genetic distance. Overall, my 

results suggest that species that have come back into secondary contact initially use 

similar habitat, but then diverge rapidly in habitat use. They then gradually use more 

similar habitat over evolutionary time. 

  



54 

 

 

Figure 1. Phylogenetic relationships between the nine wood-warbler species in my study. 

The phylogeny is a modified version of a maximum clade credibility tree produced by 

Bayesian analysis (Rabosky and Lovette 2008). Branch lengths are proportional to 

absolute time since divergence. The value at each node is the time to most recent 

common ancestor in millions of years before present. 
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Figure 2. Classification tree of wood-warbler habitat produced with binary recursive partitioning that maximizes habitat 

partitioning among species of wood-warblers. (a) and (b) both root at the first division (Pinus strobus trees) and are separated 

into two parts for publication convenience but are in fact all one tree. Branch lengths are proportional to the amount of 
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deviance explained by each split in the tree. The criteria used for each decision in the partitioning process are given at each 

node. 
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Figure 3. Territory overlap between wood-warblers in relation to time to most recent 

common ancestor (millions of years before present). The response variable is the 

proportion of territories of the rarer species that overlap with the more common species at 

QUBS (based on point count data). The proportion of overlap for each of the species 

pairs is shown as a grey dot. The mean proportion of territory overlap per node on the 

phylogeny is shown in black. The data labels correspond to the nodes in the phylogeny 

(Figure 1). 
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Figure 4. Habitat overlap between wood-warblers in relation to time to most recent 

common ancestor (millions of years before present). The response variable is the mean 

deviance calculated from the classification tree by taking the mean deviance of nodes 

separating species pairs and clades. Low values of deviance indicate similar patterns of 

habitat use. We used the mean deviance of the difference between territories of the 

species pair. The proportion of overlap for each of the species pairs is shown as a grey 

dot. The mean proportion of territory overlap per node on the phylogeny is shown in 

black. The data labels correspond to the nodes in the phylogeny (Figure 1). 
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Table 1. Dates of when 90% of birds (males and females) passed through Prince Edward 

Point Bird Observatory during vernal migration for all of the possible study species 

between 1995 and 2007. These dates were used to calculate an appropriate starting date 

for the second round of point counts we conducted in 2008 and 2009. I did not calculate 

passage dates for Cerulean and Prairie Warblers because of insufficient sample sizes for 

those species. 

 

 
Date of 90% 

passage 
n 

Dendroica petechia 25 May 1392 

D. pensylvanica 26 May 473 

D. magnolia 29 May 2491 

D. caerulescens 19 May 356 

D. coronate 11 May 4352 

D. virens 23 May 557 

D. fusca 23 May 232 

D. pinus 8 May 11.7 

Mniotilta varia 15 May 261 

Setophaga ruticilla 27 May 582 

 Mean = 21 May Total = 10708 
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Table 2. Proportion of overlapping territories for each node in the phylogeny (Figure 1). 

 

Node 
Genetic 

Distance 

Time to most 

recent common 

ancestor 

Proportion of 

overlapping 

territories 

Mean deviance 

A 0.039 2.713 0.778 54.03 

B 0.055 3.110 0.900 66.90 

C 0.056 3.310 0 339.80 

D 0.061 4.203 0.257 258.74 

E 0.063 4.793 0.211 286.57 

F 0.066 5.603 0.097 218.44 

G 0.064 5.023 0.123 223.44 

H 0.092 9.298 0.209 186.21 
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Table 3. Number of focal territories that overlap with non-focal territories for each of the nine wood-warbler species in my 

study. The total number of focal territories mapped per species is given in parentheses.  

 

 

 

  Non-focal species 

Focal Species 

D. 

petechia 

D. 

pensylvanica 

D. 

coronata 

D. 

virens 

D. 

fusca 

D. 

pinus 

D. 

cerulea 

M. 

varia 

S. 

ruticilla 

Dendroica petechia (11) 5 0 1 0 0 1 1 1 3 

D. pensylvanica (9) 7 0 0 0 0 0 0 1 0 

D. coronata (11) 0 0 0 3 1 9 0 4 0 

D. virens (17) 0 0 2 1 1 2 5 2 4 

D. fusca (10) 0 0 1 3 0 4 1 2 0 

D. pinus (14) 1 0 7 3 1 2 0 7 1 

D. cerulea (13) 1 0 0 6 1 0 2 0 7 

Mniotilta varia (10) 2 1 2 1 1 5 0 2 1 

Setophaga ruticilla (12) 1 0 0 2 0 1 4 0 0 
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APPENDIX 1 

 

Table A1. Genbank Ascension Numbers 

 

 
Species 

Cytochrome 

oxidase COI 

Cytochrome 

b 

Cytochrome 

oxidase COII 
ND2 ATPase 

Dendrocia caerulescens DQ433568 AY216833 AY650188 AY650188 AY650188 

D. castanea AY666592 AY216835 AY650183 AY650183 AY650183 

D. cerulea DQ432885 EU815676 AY650193 AY650193 AY650193 

D. coronata AY030187 AY030120 AY650223 AY650223 AY650223 

D. discolor AY666313 AY216830 AY650214 AY650214 AY650214 

D. dominica AF018112 AY216838 AY650224 AY650224 AY650224 

D. fusca AY327389 AY340208 AY327389 AY327389 AY327389 

D. graciae DQ432889 EU815680 AY650198 AY650198 AY650198 

D. kirtlandii DQ432891 EU815681 EU815670 EU815769 EU815661 

D. magnolia AY666453 AY216837 AY650205 AY650205 AY650205 

D.nigrescens DQ432893 EU815683 AY650190 AY650190 AY650190 

D. occidentalis DQ433580 EU815684 EU815671 EU815770 AF140416 

D. palmarum DQ434571 AY216834 AY650212 EU815771 EU815662 

D. pensylvanica AY666226 AF489884 AY650194 AY650194 AY650194 

D. petechia DQ432896 AF382996 AY650222 AY650222 AY650222 

D. pinus DQ432897 AF383027 AY650213 AY650213 AY650213 

D. striata AY666185 AF290176 EU815673 EU815772 EU815663 

D. tigrina AF256511 AF256505 AY650191 AY650191 AY650191 

D. townsendi DQ433588 EU815690 AY650218 AY650218 AY650218 

D. virens AY666384 EU325770 AY650189 AY650189 AY650189 

Wilsonia citrina DQ434827 EU815695 AY650200 AY650200 AY650200 

Setophaga ruticilla DQ434068 EU815694 AY650182 AY650182 AY650182 

Parula americana DQ433059 EU815692 AY650208 AY650208 AY650208 

P. pitiyaumi FJ027959 EU815693 EU815669 EU815768 AF256484 

Mniotilta varia GU932039 GU932039 GU932039 GU932039 GU932039 
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APPENDIX 2. List of vegetation variables 

 

Explanatory variables used to describe the vegetation characteristics of our wood-warbler 

focal territories. 

 

Mean shrub stems 

Maximun shrub stems 

Minimum shrub stems 

Range of shrub stems 

Mean shrub species 

Max shrub species 

Minimum shrub species 

Range of shrub species 

Acer pensylvanicum shrubs 

Acer rubrum shrubs 

Acer saccharinum shrubs 

Acer saccharum shrubs 

Acer spicatum shrubs 

Alnus incana shrubs 

Amelanchier sp. shrubs 

Apocynum androsaemifolium shrubs 

Atropa belladonna shrubs 

Berberis vulgaris shrubs 

Betula alleghaniensis shrubs 

Betula papyrifera shrubs 

Carpinus caroliniana shrubs 

Carya cordiformis shrubs 

Carya ovata shrubs 

Celastrus scandens shrubs 

Cephalanthus occidentalis shrubs 

Chamaedaphne calyculata shrubs 

Cornus sp. shrubs 

Corylus americana shrubs 

Corylus cornuta shrubs 

Crataegus sp. shrubs 

Dead shrubs (includes all species) 

Fagus grandifolia shrubs 

Fraxinus americana shrubs 

Fraxinus nigra shrubs 

Fraxinus pennsylvanica shrubs 

Honeysuckle sp. shrubs 

Ilex verticillata shrubs 

Juniperus communis shrubs 

Juniperus virginiana shrubs 

Larix laricina shrubs 

Ledum groenlandicum shrubs 
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Malus pumila shrubs 

Myrica gale shrubs 

Osmunda regalis shrubs 

Ostrya virginiana shrubs 

Parthenocissus quinquefolia shrubs 

Picea glauca shrubs 

Pinus resinosa shrubs 

Pinus strobus shrubs 

Populus balsamifera shrubs 

Populus grandidentata shrubs 

Populus tremuloides shrubs 

Prunus pensylvanica shrubs 

Prunus serotina shrubs 

Prunus virginiana shrubs 

Quercus alba shrubs 

Quercus macrocarpa shrubs 

Quercus rubra shrubs 

Rhamnus cathartica shrubs 

Rhus aromatica shrubs 

Rhus typhina shrubs 

Ribes sp. shrubs 

Rosa sp. shrubs 

Rubus sp. shrubs 

Salix sp. shrubs 

Sambucus racemosa shrubs 

Sambucus canadensis shrubs 

Sheperdia canadensis shrubs 

Spiraea alba shrubs 

Spirea tomentosa shrubs 

Staphylea trifolia shrubs 

Symphoricarpos albus shrubs 

Syringa vulgaris shrubs 

Thuja occidentalis shrubs 

Tilia americana shrubs 

Tsuga canadensis shrubs 

Ulmus americana shrubs 

Ulmus rubra shrubs 

Ulmus thomasii shrubs 

Vaccinium sp. shrubs 

Viburnum acerifolium shrubs 

Viburnum dentatum shrubs 

Viburnum lantanoides shrubs 

Viburnum lentago shrubs 

Vitis riparia shrubs 

Zanthoxylum americanum shrubs 

Mean tree stems 
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Maximum tree stems 

Minimum tree stems 

Range of tree stems 

Mean tree species 

Maximum tree species 

Minimum tree species 

Range of tree species 

Mean basal area 

Maximum basal area 

Minimum basal area 

Range of basal area 

Acer nigrum trees 

Acer pensylvanicum trees 

Acer rubrum trees 

Acer saccharinum trees 

Acer saccharum trees 

Alnus incana trees 

Amelanchier sp. trees 

Betula alleghaniensis trees 

Betula papyrifera trees 

Carpinus caroliniana trees 

Carya cordiformis trees 

Carya ovata trees 

Celastrus scandens trees 

Cephalanthus occidentalis trees 

Cornus sp. trees 

Corylus americana trees 

Corylus cornuta trees 

Crataegus sp. trees 

Dead trees (includes all species) 

Fagus grandifolia trees 

Fraxinus americana trees 

Fraxinus nigra trees 

Fraxinus pennsylvanica trees 

Ilex verticillata trees 

Juglans cinerea trees 

Juglans nigra trees 

Juniperus virginiana trees 

Larix laricina trees 

Malus pumila trees 

Ostrya virginiana trees 

Parthenocissus quinquefolia trees 

Pinus resinosa trees 

Pinus strobus trees 

Populus balsamifera trees 

Populus grandidentata trees 
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Populus tremuloides trees 

Prunus pensylvanica trees 

Prunus serotina trees 

Prunus virginiana trees 

Quercus alba trees 

Quercus bicolor trees 

Quercus macrocarpa trees 

Quercus muhlenbergii trees 

Quercus rubra trees 

Rhamnus cathartica trees 

Rhus typhina trees 

Rosa sp. trees 

Rubus sp. trees 

Salix sp. trees 

Sambucus racemosa trees 

Staphylea trifolia trees 

Syringa vulgaris trees 

Thuja occidentalis trees 

Tilia americana trees 

Tsuga canadensis trees 

Ulmus americana trees 

Ulmus rubra trees 

Ulmus thomasii trees 

Viburnum dentatum trees 

Viburnum lentago trees 

Vitis riparia trees 

Zanthoxylum americanum trees 

Mean canopy interceptions 

Maximum canopy interceptions 

Minimum canopy interceptions 

Range of canopy interceptions 

Mean canopy species 

Maximum canopy species 

Minimum canopy species 

Range of canopy species 

Acer pensylvanicum interceptions 

Acer rubrum interceptions 

Acer saccharinum interceptions 

Acer saccharum interceptions 

Alnus incana interceptions 

Betula alleghaniensis interceptions 

Betula papyrifera interceptions 

Carpinus caroliniana interceptions 

Carya cordiformis interceptions 

Carya ovata interceptions 

Cornus sp. interceptions 
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Dead interceptions (includes all species) 

Fagus grandifolia interceptions 

Fraxinus americana interceptions 

Fraxinus nigra interceptions 

Fraxinus pennsylvanica interceptions 

Juglans cinerea interceptions 

Juglans nigra interceptions 

Juniperus communis interceptions 

Juniperus virginiana interceptions 

Malus pumila interceptions 

Ostrya virginiana interceptions 

Pinus resinosa interceptions 

Pinus strobus interceptions 

Populus grandidentata interceptions 

Populus tremuloides interceptions 

Prunus pensylvanica interceptions 

Prunus serotina interceptions 

Quercus alba interceptions 

Quercus macrocarpa interceptions 

Quercus rubra interceptions 

Rhus typhina interceptions 

Salix sp. interceptions 

Thuja occidentalis interceptions 

Tilia americana interceptions 

Tsuga canadensis interceptions 

Ulmus americana interceptions 

Ulmus rubra interceptions 

Ulmus thomasii interceptions 

Viburnum lentago interceptions 

Vitis riparia interceptions 

Zanthoxylum americanum interceptions 
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APPENDIX 3. Vegetation analysis summary. 

 

Table A3. Split criterion, threshold value and deviance for each node in the binary 

recursive partitioning classification tree of wood-warbler habitat. Node numbers 

correspond to Figure A3.1. 

 

Node Split criterion 
Threshold 

value 
Deviance 

1 Pinus strobus trees 0.48837 395.400 

2 Mean shrub stems 31.195 228.600 

3 Ostrya virginiana canopy interceptions 5.5 103.300 

4 Minimum basal area 0.17873 19.410 

5 Mean tree stems 22.875 8.318 

6 Mean tree stems 30.5 2.773 

7 Betula papyrifera trees 0.039435 62.370 

8 Mean shrub stems 14.835 37.910 

9 Ostrya virginiana shrubs 10.0 8.376 

10 Maximum tree stems 34.0 3.819 

11 Pinus strobus trees 0.052675 16.040 

12 Mean tree species 4.525 6.028 

13 Celastrus scandens trees 0.0004 10.010 

14 Mean canopy interceptions 4.15 75.620 

15 Fraxinus americana canopy interceptions 2.5 32.430 

16 Carya ovata trees 0.06442 6.884 

17 Tilia americana trees 0.03684 7.638 

18 Mean tree species 4.95 16.640 

19 Cornus sp. trees 0.009955 7.638 

20 Carpinus caroliniana trees 0.003685 96.870 

21 Amelanchier sp. trees 0.01135 48.060 

22 Mean canopy species 1.97 32.330 

23 Tsuga canadensis trees 0.297325 17.320 

24 Quercus rubra trees 0.04172 6.502 

25 Mean tree stems 8.285 2.773 

26 Mean tree species 5.855 3.819 

27 Minimum tree stems 1.5 4.499 

28 Mean canopy interceptions 3.96 29.530 

29 Range of tree stems 95.0 12.780 

30 Acer rubrum trees 2.13598 6.279 

31 Maximum tree stems 105.0 4.499 
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Figure A3. Entire binary recursive partitioning classification tree of wood-warbler habitat with node numbers. The split criteria and 

deviance for each node can be found in Table A3. 


