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ABSTRACT 

Geographic variation in vocalizations and genetics of winter wrens (Troglodytes 
troglodytes) in North America have led to speculation that the eastern (Troglodytes 
troglodytes hiemalis) and western (T. t. pacificus) subspecies are in fact distinct 
biological species. To determine whether two regional forms are separate species it is 
crucial to gather data from an area of overlap between the groups, i f such an area exists. 
To address whether these forms are reproductively isolated, I quantified song 
characteristics and two types of molecular markers, mitochondrial (ND2) and nuclear 
(amplified fragment length polymorphisms), in individuals in a recently described 
overlap area and compared them to those individuals from further east and west. In this 
overlap area, near Tumbler Ridge, B C , both forms can be found inhabiting neighboring 
territories and each male wren sings either an eastern or western song, with the 
differences between these types of song being as distinct as they are in allopatry. The two 
taxa differ distinctly in mitochondrial D N A and in every case singing type perfectly 
predicts mitochondrial D N A clade, strongly supporting the hypothesis that the two forms 
are reproductively isolated where they co-occur and are therefore separate species. 
Analysis of multilocus nuclear markers supports this result, with only one first generation 
hybrid individual identified and no evidence of genetic introgression. A n estimate of the 
initial split between these two species, based on mitochondrial D N A sequence variation, 
dates to just prior to the Pleistocene, roughly 2.3 mil l ion years ago. It is therefore 
suggested that T.t. pacificus and related western taxa be elevated Troglodytes pacificus 
with the common name "Pacif ic wren". I speculate that behavioural isolation due to song 
evolution is likely an important premating barrier to gene flow in this system. These 
findings raise the possibility that there are other such morphologically cryptic species 
pairs in North America. 
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C H A P T E R I - INTRODUCTION 

Under the biological species concept, "species" are defined as groups of 

interbreeding natural populations that are reproductively isolated from other such groups 

(Mayr, 1942). Reproductive isolation occurs when the build up of isolating barriers 

between populations separated for many generations is such that gene flow is either 

absent or greatly reduced between them (Coyne and Orr, 2004). These isolating barriers 

can result from segregation spatially, temporally, behaviourally, ecologically, or 

genetically, or from any combination of these factors. 

Separated populations wi l l eventually adapt to their different environments and 

. wi l l gradually accumulate differences over evolutionary time via natural selection. These 

differences can eventually lead to reproductive isolation upon secondary contact as a 

byproduct of the adaptation process (Schluter, 2001; Presgraves et al, 2003). Directional 

selection on beak size and shape in Galapagos finches, for example, is thought to have 

contributed to reproductive isolation between finches specializing on different food types, 

as females also use beak shape during mate choice (Grant and Grant, 1997). Additionally, 

under strong sexual selection, divergence in characteristics involved in mate preference 

and recognition can lead to varied behavioral and morphological traits involved in mate 

acquisition, such as flashy displays and plumage, in concert with changes in preference 

(Coyne and Orr, 2004). Unl ike reproductive isolation evolving as a byproduct of 

adaptation, however, sexual selection can produce reproductive isolation without 

selection acting upon traits that are involved directly with the natural environment (West-

Eberhard, 1983). Runaway sexual selection, for example, is thought to have produced the 

spectacular plumage colourations in closely related birds of paradise, which historically 
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have been under very little predation pressure (Firth and Beehler, 1998). In fact, some 

forms of reproductive isolation might evolve under sexual selection with very little or no 

genetic changes between isolated groups, as in instances of rapid cultural evolution 

(Irwin and Price, 1999). 

Understanding the relative importance of the drivers of reproductive isolation, 

namely natural selection, sexual selection, and random genetic drift, has proved difficult 

for researchers. One reason is that the isolating barriers currently most important in 

restricting gene f low are not necessarily those important historically during the initial 

speciation event, which in some taxa may have been acting millions of years before 

present (Coyne and Orr, 2004). To overcome this obstacle, researchers use a combination 

of theory, laboratory experiments, and observational studies of natural systems to 

untangle the important traits and barriers involved in the initial divergence of two 

varieties from those that persist today. This, it is hoped, wi l l generate a basis from which 

comparative analysis can be used to determine if, as some researchers suspect, some 

barriers are consistently more important than others in the process of speciation (Coyne 

and Orr, 2005). 

If populations are presently segregated either temporally or spatially then gaining 

insight into the barriers involved in their isolation, other than geography or time, is 

difficult using tools currently available. Studying areas where recently diverged 

populations have ranges or habitats that overlap, however, can be helpful in identifying 

important isolating barriers in natural systems. For instance, in situ hybrid sterility and 

inviability can be quantified i f there is evidence of hybridization where divergent 

populations overlap (Saetre et al, 2002; Naisbit et al, 2002; Coyne and Orr, 2004). 
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Female mate preference, a possible form of pre-mating isolation, can be measured i f 

females are presented with a choice between homo- or heterotypic mate in nature (Hoskin 

etal., 2005). Portions of the genome under directional selection can be determined by 

assessing the relative rates of genetic introgression across hybrid zones (Saetre et al., 

2002; Rohwer et ai, 2001). Thus, areas of overlap between divergent populations play an 

important role in our understanding of the evolution and the maintenance of barriers 

involved in reproductive isolation (Coyne and Orr, 2004). 

Overlap zones of closely related taxa in North America are generally considered 

areas of secondary contact between populations that were previously geographically 

isolated for a long period of time. There has been vigorous debate over the cause of this 

initial isolation, however, with glaciations during the Pleistocene being one prominent 

and contentious explanation (Kl icka and Zink, 1997; Weir and Schluter, 2004; Lovette 

2005). Glacial advances during the Pleistocene are thought to have promoted 

fragmentation in the flora and fauna of North America by restricting suitable habitat to a 

few, small, isolated ice-free refugia (Diamond & Hamilton, 1980). Phylogeographic and 

biogeographic studies in numerous taxa have found population structure and 

differentiation consistent with population bottlenecks and expansion during the 

Pleistocene glacial cycles (Avise, 2000). 

The impact of such historical allopatric isolation on current biogeographic 

patterns in North Amer ica is illustrated by some of the six major "suture zones" in North 

America (Remington, 1968). Each of these areas is characterized by narrow zones where 

one can find overlap areas between divergent populations in many different groups, 

including plants, insects, mammals, and birds. In some taxa, hybrids are readily formed in 
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these areas, while others at later stages of the speciation process mate assortatively and 

do not form hybrids. Determining why taxa differ in the extent of reproductive isolation, 

while sharing a similar biogeographic history, is an area of growing interest and at 

present an open question (Swenson and Howard, 2004). 

The diverse life histories, varied biogeography and elaborate mating systems of 

birds have made avian systems central to the formulation of many speciation theories 

(Edwards, 2005). Taxa in North America in particular have been intensely studied and 

provide an excellent system in which to examine the role of the reproductive barriers 

contributing to species formation. For instance, the suture zone in northwestern North 

America, centered on the Rocky Mountains of British Columbia and Alberta, allows for a 

unique opportunity to examine areas where eastern and western avifauna, inhabiting the 

unbroken chain of boreal forest, can meet. It has long been noted that there are large 

differences between the avifaunas of western and eastern North America, both in species 

composition and between western and eastern forms of the same species (reviewed by 

Newton, 2003). What is unknown in many of these systems, however, is whether these 

differences between eastern and western forms represent species level differences, or 

simply the ends of a phenotypic continuum. To address these questions properly a 

through investigation into where and i f these forms meet is required. 

One potential challenge in resolving these questions is accumulating adequate 

knowledge of species range boundaries and phylogenetic relationships. Differentiating 

between phylogenetically relevant traits, which are necessary to infer deep evolutionary 

relationships, from recently evolved adaptive ones is an ongoing challenge in 

systematics. Traditionally, avian taxonomists have relied primarily on diagnosable 
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variation in plumage colouration and morphological measurements, mostly in museum 

specimens, to delineate avian specimens at the species and subspecies level (Pyle, 1997). 

While documentation of this variation has lead to the designation of many subspecies, the 

biological significance of such classification, especially in an evolutionary and 

conservation context, has sometimes been questioned (Zink, 2004). Recent advances in 

molecular genetics, however, have ushered a new wave of important data allowing for 

more comprehensive and objective classifications. Phylogenetic reconstructions are now 

available for most major groupings of birds and researchers are beginning to unravel 

higher-order relationships between groupings within the neoaves (Ericson et al, 2006). 

This combination of modern molecular tools with the paleontological and 

geological record has also generated a wide range of robust molecular clocks (van Tuinen 

and Hedges, 2001; Arbogast et al, 2006; Weir and Schluter, submitted). A surprising 

outcome from of the application of these molecular clocks on taxa with deep 

phylogenetic splits is the general tendency for avian species to retain hybrid viability and 

fertility for mil l ions o f years following initial population separation (Price and Bouvier, 

2002). Thus, this research implicates a central role for pre-mating isolation mechanisms 

in avian speciation (Edwards, 2005) and has led researchers to reevaluate some avian 

classifications based solely on traditional methods. Research into the importance of 

birdsong, for example, as well as other characters involved in mate choice, have not only 

revealed these characters as an important tool in classifying species, but also suggested 

that they play an important role in generating reproductive isolation. For instance, the 

indigo-bird system in Af r ica is one of the best, i f not only, examples of sympatric 

speciation in birds, and points to song as the primary isolating mechanism (Sorenson et 



al, 2003). Playback experiments between sympatric cultural races of these brood 

parasites indicate some varieties have become reproductively isolated following invasion 

of novel hosts. This is thought to have occurred after male fledgling indigo-birds learned 

and mimicked a novel host's vocalizations, which was then integrated into their own 

species-specific repertoire (Sorenson et al, 2003). A long with a female preference for 

males raised by the novel host, Sorenson et al. (2003) believe that song evolution was the 

important first step involved in the diversification and speciation in this system. 

As a learned behavior in many birds, song is subject to rapid cultural evolution in 

which stochastic variations in copying are spread as individuals learn songs from their 

parents and/or neighbours (Grant and Grant, 1996; Payne, 1996). In allopatry, as 

differences gradually accumulate, reproductive isolation may eventually occur upon 

secondary contact, even i f very little other genetic or phenotypic divergence has occurred. 

In addition, the process of reinforcement can further act to displace song characters on 

secondary contact i f hybridization between the two forms produces unfit offspring, 

selecting for stronger premating isolation (Irwin and Price, 1999). Studies investigating 
r 

the role of song in reproductive isolation have found it to be of variable importance: in 

some systems song correlates strongly to genetic and sometimes morphological 

divergence (Mundinger, 1982, Martens, 1996, Alstrom and Olsson, 1999, Irwin et al,. 

2001a, b, Packert et al, 2004), while in others it does not (reviewed in Slabbekoorn and 

Smith, 2002). Interestingly, studies that have incorporated bioacoustic analyses in taxa 

where there is very little variation in plumage and morphological differences have 

sometimes revealed cryptic species and have prompted researchers to address vocal 

variation in studies of reproductive isolation (Irwin et al, 2001a). 
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One of the best examples of a North American avian species where large song 

type and repertoire differences have been noted between otherwise phenotypically similar 

subspecies is in the winter wren (Troglodytes troglodytes) species complex. O f the fifty-

nine species of wrens, fifty-eight are found exclusively in the New World, with the winter 

wren being the only exception as it also occurs in the Old World. Subtle geographic 

variation in plumage has led taxonomists to name more than 34 subspecies worldwide 

(Hejl et al, 2002, Kroodsma and Brewer, 2005), with 9 recognized within North 

America. These are grouped into a boreal eastern (T.t. hiemalis, T.t. pullus), western 

Pacific coast (T.t. pacificus, T.t. salebrosus, T.t. helleri), and a southwestern Alaska 

island group. 

Winter wrens are best known for their remarkable song, which, per unit weight, 

has approximately 10 times the sound power of a crowing rooster (Brackenbury, 1983) 

and has been described as the "pinnacle of song complexity" among songbirds 

(Kroodsma, 1980). While the winter wren's individual songs have garnered recognition 

from ornithologists, variation in repertoire size of individuals is also noteworthy. 

Members of the subspecies T. t. pacificus in Oregon have a repertoire of as many as 92 

song units that individuals can use to create up to 66 different repeatable song types 

(Kroodsma, 1980). In contrast, an individual from the T. t. hiemalis subspecies in New 

York has a much simpler repertoire with about 20 song elements used to create only 2 

song types (Kroodsma, 1980).. 

Interestingly, research into habitat preference has not indicated any significant 

difference between western and eastern North America, as important aspects of breeding 

habitat for both subspecies include dead wood, in the form of fallen logs and coarse 



8 

woody debris, snags, stumps, slash piles, and very large trees (Hejl et al., 2002). These 

features are normally associated with old-growth forests in North America and concerns 

for some populations have been raised because of the increased scarcity of this forest as a 

result of habitat degradation and destruction. Interestingly, European winter wrens 

display very little habitat preference, as they are found in almost every habitat from 

seashore to highest mountain boulder fields (Cramp, 1988). 

Recent genetic studies of this system have revealed an unexpected pattern, as 

variation in mitochondrial D N A (Drovetski et al, 2004) indicates there is a deep split in 

the entire winter wren complex occurring between a clade corresponding to western 

North America (71 t. pacificus and other western forms) and a clade corresponding to the 

rest of the range (Eurasia and eastern North America, including T. t. hiemalis). Combined 

with patterns of song variation, this evidence has led to suggestions that winter wrens, 

which are currently treated as a single species (e.g. Brewer, 2001; Hejl et al., 2002; 

Kroodsma and Brewer, 2005), may in fact consist of multiple cryptic species, with the 

group in western North America being distinct from those in eastern North America and 

Eurasia (Hejl et al., 2002; Drovetski et al, 2004; Kroodsma, 2005). However, these 

suggestions are based on comparison of far west populations with those in eastern North 

America and almost no research has been done in the interior of the continent. To 

conclusively address this problem, researchers have called for an exploration of western 

Canada to determine i f and where the two major groups of winter wren in North America, 

the coastal western and boreal eastern, overlap in their breeding rang (Heijl et al, 2002; 

Kroodsma, 2005). 
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To address these questions, in chapter 2 I present data from a genetic and 

sonographic analysis of Troglodytes troglodytes in a recently discovered overlap area 

between these two forms. By studying patterns of vocalization and mitochondrial D N A in 

this area of overlap I determined whether there is significant gene flow between the 

western, pacificus and eastern, hiemalis, subspecies. Observation of mixed song and 

mitochondria, for example, would provide good evidence that these forms are hybridizing 

regularly, exchanging genes, and are unlikely to be strongly reproductively isolated and 

would not qualify as "good species". In contrast, i f significant covariation between 

distinct song and genetic patterns were observed in sympatry, then data from this area 

would support the suggestion that these two subspecies are in fact reproductively isolated 

and should qualify for full species status. 

To supplement the genetic data presented in chapter 2, which is based solely on 

mitochondrial D N A , I present data collected from multilocus nuclear, amplified length 

polymorphism markers, in chapter 3. These markers have the ability to show genetic 

introgression where uniparentaly inherited mitochondrial D N A cannot, and this type of 

analysis is necessary to confirm that the results of chapter 2 are not the result of 

insufficient sampling. In this chapter I also use these genetic tools to address questions 

about structuring within the western race of winter wren. 

The goal o f analyses of this type is to identify barriers to gene flow in sympatric 

populations of recently diverged taxa, and it is hoped that this may facilitate our 

understanding as to the important barriers responsible for reproductive isolation. While 

no single case study could exhaustively address any of these questions, by combining 

data with other taxa sharing a similar biogeographic history, a comparative approach may 
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provide the best framework with which to determine i f any generalizations can be made 

about the process of speciation (Coyne and Orr, 2004). By understanding the processes 

and mechanisms underlying the formation of new species it is hoped that this wil l give us 

a better appreciation for the generation and maintenance of biodiversity and to allow us to 

better preserve it for the future. 
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CHAPTER II* 

Evidence for two species of winter wren (Troglodytes troglodytes and T. 
pacificus) in North America: Distinct song and mitochondria in an overlap zone 

I N T R O D U C T I O N 

It has long been noted that there are large differences between the avifaunas of 

eastern and western North America, both in species composition and between eastern and 

western forms of the same species (reviewed by Newton, 2003). More recently there has 

been vigorous debate over the causes of these differences, with the importance of 

Pleistocene glaciations in causing population subdivision and subsequent speciation 

being one contentious issue (Kl ick and Zink, 1997; Weir and Schluter, 2004; Lovette, 

2005). One potential challenge in resolving this debate is accumulating adequate 

knowledge of species range boundaries in some North American birds. In some taxa, 

differences have been noted between east coast and west coast populations, but 

populations in intermediate locations have not been investigated thoroughly enough to 

determine whether the two coastal forms represent extremes of a continuum or i f they are 

in fact members o f distinct biological species, with a contact zone where the two co-

occur without interbreeding. Here we investigate one such group that is currently 

classified as a single species but exhibits notable differences between east coast and west 

coast populations. 

Winter wrens (Troglodytes troglodytes) are noteworthy among songbirds both 

because of their amazingly long and complex songs (Kroodsma, 1980, 2005; Kroodsma 

* A version o f this chapter has been submitted for publication in The Auk. Toews D.P.L. 
and D.E. Irwin. Evidence for two species of winter wren (Troglodytes troglodytes and T. 
(t.) pacificus) in North America: Distinct song and mitochondria in an overlap zone. 
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and Momose, 1991; Van Home, 1995) and because they are one of the few passerine 

species that has a distribution spanning both North America and Eurasia (Brewer 2001; 

Hejl et al, 2002). Winter wrens display subtle geographic variation in plumage, which 

has led taxonomists to name more than 44 subspecies worldwide (Hejl et al, 2002; 

Kroodsma and Brewer, 2005). Research into their vocalizations, however, has revealed 

marked regional phenotypic differences. Most notably, Kroodsma (1980, 2005) 

documented large differences in song types and repertoire size between populations in 

eastern and western North America. Specifically, members of the subspecies T. t. 

pacificus in Oregon have a repertoire of as many as 92 song units (or syllables), which 

can be used to create up to 66 repeatable sequences (defined as song types; Kroodsma, 

1980) per bird. The subspecies T. t. hiemalis in New York has a much simpler song with 

about 20 song elements used to create only 2 song types per bird (Kroodsma, 1980). 

Songs of T. t. hiemalis from eastern North America are more similar to songs of Eurasian 

forms (e.g. T. t. fumigatus in Japan and T. t. troglodytes in Europe) than to those of T. t. 

pacificus in western North America (Kroodsma and Momose, 1991). 

Variation in mitochondrial D N A parallels these patterns in song (Drovetski et al, 

2004), with the deepest divergence in the entire winter wren complex occurring between 

a western North America clade (i.e. T. t. pacificus and other western forms; see F ig. 2.1) 

and a clade representing the rest of the range (i.e. Eurasia and eastern North America, 

including T. t. hiemalis). These patterns have led to suggestions that winter wrens, which 

are currently treated as the single species T. troglodytes (e.g. Brewer, 2001; Hejl et al, 

2002; Kroodsma and Brewer, 2005), may in fact consist of multiple cryptic species, with 
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the group in western North America being distinct from those in eastern North America 

and Eurasia (Hejl et al, 2002; Drovetski et al, 2004; Kroodsma, 2005). 

When considering whether two regional forms are in fact separate species it is 

.crucial to gather data from an area of overlap between the groups, i f such an area exists 

(Irwin et al, 2001a, b; Kroodsma, 2005). Only then can it be determined whether there is 

1) gradual change between the traits of the forms, suggesting gene flow between the 

forms, or 2) a region of overlap between two forms with distinct differences, suggesting 

reproductive isolation. The second situation would provide strong evidence that the two 

forms are separate species under the biological species concept. Prior to the present 

study, little i f any research on winter wrens had been conducted in the extensive region 

(spanning more than 2500 km) between eastern North America (from Ontario and 

Minnesota eastward) and the Pacific coast (e.g. coastal Oregon, Washington, British 

Columbia, and Alaska). This lack of knowledge has led to calls for " a careful survey of 

this wren's vocal behavior from Minnesota west, especially in n. Alberta and throughout 

British C o l u m b i a , . . . to determine how eastern and western wrens behave i f they meet . . 

." (Hejl et al, 2002, p. 9). Evidence from this region is essential in determining whether 

the two forms of winter wren are separate species (Hejl et al, 2002; Kroodsma, 2005). 

M E T H O D S 

The study organism.—Winter wrens, alternatively referred to as Northern wrens 

(e.g. Kroodsma and Brewer, 2005) or simply wrens (in Eurasia, where they are the only 

species of wren; e.g. Knightley et al, 1998), have traditionally been classified within the 

genus Troglodytes, which contains 13 species according to Kroodsma and Brewer (2005). 

Recently, two studies (Rice et al, 1999; Gomez et al, 2005) have presented molecular 
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data indicating that the Troglodytes genus as currently defined is not a monophyletic 

group. These studies have shown that winter wrens, traditionally referred to as 

Troglodytes troglodytes, are the most distantly related of all species within Troglodytes, 

and have suggested that two other groups, the timberline wren Thryorchilus browni and 

the four species within the genus Cistothorus, are within the clade defined by all of the 

Troglodytes. Thus, to make Troglodytes a monophyletic clade, there are two possible 

solutions. Winter wrens could be placed in their own genus, Nannus, as suggested by 

Rice et al. (1999) and Gomez et al. (2005). Alternatively, as suggested by Gomez et al. 

(2005), Troglodytes could be made more inclusive by assigning the Troglodytes genus to 

the Thryorchilus and Cistothorus genera. We view these studies as important in that they 

show the current taxonomy likely needs to be changed. However, we think that more 

work needs to be done to clarify relationships and that it would be premature to change 

genus names now. Hence, we refer to winter wrens as Troglodytes troglodytes (consistent 

with the current A . O . U . list), while acknowledging that that name might soon be changed 

to Nannus troglodytes. 

Field research.—During several trips in Apr i l and May 2005 the second author 

(DI) conducted an initial survey of variation in Winter wren song in British Columbia and 

Alberta, with the goal of determining whether there is a gradient in song types across this 

region or whether two distinct types meet in a contact zone. We first studied allopatric 

populations of pacificus (at Gavin Lake, B C ) and hiemalis (at Lesser Slave Lake, A B ) 

and then traveled between these sites looking for intermediacy or overlap in singing 

types. We use the term "singing types" to recognize distinct and easily identifiable 
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macrogeographic differences in songs. These qualitative differences primarily include the 

dominant frequencies of notes (singers with more lower frequency notes as compared to 

pacificus singers) and the rhythm of note delivery (pacificus singers with a staccato note 

delivery including more trills as compared to hiemalis singers). The term "singing type" 

should not be confused with the term "song type", which refers to a distinct type of 

individual song that has a unique series of notes and has been used by previous 

researchers to evaluate individual repertoire size and song complexity (e.g. Kroodsma, 

1980; Kroodsma and Momose, 1991; Van Home, 1995). Each bird can have multiple 

song types, but each bird belongs to only one singing type (see results). These singing 

types can be relatively easily distinguished by ear, and our quantitative analysis confirms 

their distinctiveness (see results). 

Searching techniques included playback of both hiemalis recordings (from Lesser 

Slave Lake) and pacificus recordings (from Gavin Lake) and listening for responses 

along forest roads and trails in the potential region of contact. Though wren density in 

northwestern Alberta and northeastern British Columbia was low, we eventually located 

four wrens on 9-10 May 2005 in the vicinity of Tumbler Ridge, B C . Three individuals 

sang songs typical of pacificus from Gavin Lake and one sang songs typical of hiemalis 

from Lesser Slave Lake. A more thorough exploration over a 10-day period in late June, 

2005 (DI), and 14 days in mid-May 2006 (DT & DI) was used to determine whether there 

is interbreeding between the types in this overlap zone. 

In total, we found approximately 36 male wrens in the Tumbler Ridge area, of 

which 16 were caught for temporary study in mist nets using song playbacks. Each was 

uniquely color-banded so that recordings or other observations taken at different times 
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could be matched to a given bird with certainty. Morphometric measurements and a 

blood sample (for later genetic analysis) were also taken from captured birds. Twelve of 

the captured wrens sang pacificus songs, while four sang hiemalis songs. In 2006 only 

one hiemalis singer was found; the three territories that had been occupied in 2005 by 

hiemalis singers were occupied in 2006 by non-banded pacificus singers (no individuals 

banded in 2005 were identified in 2006). The maximum pairwise distance between wrens 

studied in this area was 44 km, and the minimum was less than 0.2 km (i.e. neighboring 

territories). Three of the hiemalis singers had a neighboring pacificus singer observed less 

than 0.4 km away (for the fourth hiemalis singer, the closest known neighbor was a 

pacificus singer 1.4 km away). 

Song analysis.—Songs were recorded using an Audio-Technica 815a microphone 

and a Sony TCD-D100 D A T recorder (in 2005) or a Marantz PMD660 solid state 

recorder (in 2006). Recordings ranged in length from three to more than 50 songs. 

Occasionally, song playbacks were used to induce the birds to sing before recording. 

While such playbacks undoubtedly affected singing behavior (e.g. song rate and 

loudness) we are confident as a result of much informal experimentation that they did not 

noticeably affect the content of song (e.g. the shape of syllables, or hiemalis vs. pacificus 

type) and thus did not affect the conclusions reported herein. 

To analyze songs quantitatively, we first examined recordings of wrens from 

allopatric sites. In addition to our own recordings (hiemalis: five individuals from Lesser 

Slave Lake, A B (LS); pacificus: two from Gavin Lake, B C (GL) , two from Whistler 

Interpretive Forest, B C (WH), two from Pacific Spirit Park in Vancouver, B C (PS), and 
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one from Prince George, B C (PG)) we obtained recordings from the Macaulay Library at 

the Cornell Laboratory of Ornithology (hiemalis: two from New Brunswick (NB) and 

two from Ontario (ON); pacificus: two from Oregon (OR) and two from California 

(CA)). We used only these allopatric songs to select the following variables that could be 

consistently and reliably measured in all allopatric songs. These variables included: 

Length: the length of a song (in seconds), as measured visually using on-screen 

spectrograms in the program Raven (Cornell Lab of Ornithology, version 1.2.1). 

Low Freq: The minimum frequency (in kHz) of a song, measured visually using 

Raven. 

High Freq: The maximum frequency (in kHz) a song, measured visually using 

Raven. 

Mean Freq: The mean frequency (in kHz) o f a song, measured by starting at the 

first whole quarter second after the start of a song, then determining the frequency 

of sound with the largest amplitude at points in time distributed every 0.25 s 

throughout the song. These measurements were semi-automated in Raven, using 

frequency at maximum decibel measurements at a series of time points imported 

into the program. We manually removed from the analysis points in time when 

the individual was not singing (i.e. silence between notes). This analysis enabled 

an accurate, objective and relatively quick method to determine the mean 

frequency of a bird's vocalization. 

SD Freq: The standard deviation (in kHz) o f the frequencies at time points 

throughout the song, obtained as described above for "Mean Freq". This variable 

quantifies the amount of variation in frequency of a bird's song. 
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Percent Blank: To calculate the percentage of time points, as measured above for 

"Mean Freq", where the bird was not singing, we divided the number of "blank" 

points by the total number of points in the song. 

Trans/Sec: To quantify the temporal pacing of a bird's song in terms of the rate at 

which it switches between low and high frequency sounds, we used onscreen 

spectrograms (in Raven) to manually count the number of times in a song that the 

fundamental frequency of sound changes from below 5.5 kHz to above 5.5 kHz 

(this value was chosen because it is roughly the mid-point in the range of 

frequencies in typical winter wren song). The number of such transitions was then 

divided by the length of the song to give number of transitions / second. 

To ensure consistency, the first author (DT) collected all of the song data. Five 

songs were chosen at random from the total songs recorded for each individual, from 

between 10-50 recorded in total, for spectrographic analysis. Songs that contained 

disruptive background noise or other bird species were excluded from the analysis. One 

extremely short song was also excluded. 

We measured songs from nine hiemalis and eleven pacificus allopatric birds 

(described above) and from the sixteen birds that were captured in the contact zone at 

Tumbler Ridge. We then conducted principal components analysis (PCA) in R (R 

Development Core Team, 2006) using individual means of each bird's songs (five songs 

per bird, in all cases but one in which four songs were used). Analysis included all seven 

variables described above. A l l variables except Percent Blank were log-transformed 

before P C A . Factor loadings from the P C A on individual means were then used to 
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calculate P C scores for each song that was measured. This method of analysis preserved 

statistical independence by using each bird once in the P C A that generated factor 

loadings, but then for graphing purposes allowed us to apply these factor loadings to all 

of the songs measured. The individual means were also used to test, using A N O V A , 

whether there were significant differences between allopatric hiemalis, sympatric 

hiemalis, sympatric pacificus, and allopatric pacificus. 

Molecular analysis.—To determine whether singing type was predictive of 

genotype, we sequenced the N D 2 mitochondrial D N A (mtDNA) gene for each individual 

and compared it to previously published hiemalis and pacificus haplotypes occurring in 

allopatry. 

A total of 16 winter wren samples were obtained in Tumbler Ridge from four 

hiemalis singers and twelve pacificus singers. Blood samples were taken in the field from 

the brachial vein and stored immediately in SET Buffer (0.15M N a C l , 0.05M Tr is-Cl , 

0.001M E D T A , p H 8.0) and left at ambient temperature until returned to the lab and 

frozen. Total genomic D N A was extracted using a standard phenol-chloroform extraction 

protocol. Fol lowing extraction, the D N A pellet was resuspended in lOOu.1 of I X T E (10 

m M Tr i s -HCl , 1 m M E D T A , pH 8.0) and stored at 4°C. The complete mitochondrial 

N D 2 gene (1041 bp) was amplified using Invitrogen P C R reagents and Taq polymerase, 

supplied by N e w England Biolabs. The fragment was amplified with primers L5215 

(Hackett, 1996) and HI064 (Drovetski et al., 2004) with the following thermal cycling 

temperature profile: 3 min at 95°C, 35 cycles of 95°C (30 s), 55°C (30 s), and 72°C (30 s), 

followed by a final extension of 72°C for 10 min. P C R fragments were sequenced by 



. 24 

Macrogen Genomics in Seoul, Korea. Sequences contained no indels and were aligned 

manually using BioEdit sequence editor (Hall , 2005). In addition to our samples, we 

obtained three sequences from Genbank of each subspecies from allopatric areas far to 

the east or west (Drovetski 2004; hiemalis from Ontario: AY460291, AY460292, 

AY460294;pacificus from Washington: AY460323, AY460330, AY460332). 

To create a haplotype network we imported the sequence alignment into M E G A 

3.1 (Kumar et al, 2004), which calculated the number of nucleotide differences between 

each of the samples. Due to the small number of differences within and the large 

differences between the subspecies, we were able to create haplotype groupings 

manually. 

R E S U L T S 

Songs recorded at Lesser Slave Lake, A B , Grand Manan Island, N B , and 

Algonquin, O N (Fig. 2.2), were clearly similar to published songs of T. t. hiemalis 

(Kroodsma, 1980; Hejl et al, 2002), whereas songs recorded at Gavin Lake, B C , 

Whistler Interpretive Forest, B C , Prince George, B C , Vancouver, B C , Corvall is, OR, and 

Sattley, C A (Fig. 2.2) were clearly similar to published songs of T. t. pacificus (e.g. 

Kroodsma, 1980; Van Home, 1995; Hejl et al, 2002). Individual wrens at Tumbler Ridge 

sang either distinctly hiemalis songs or distinctly pacificus songs (Fig. 2.3). In no 

instance did we observe birds that sang both hiemalis and pacificus types (even during 

recording sessions on different days, ranging from one day to six weeks apart) and in no 

case did individual songs show intermediacy between the two types. 

Our sampling of song frequencies (Fig. 2.4) revealed a previously unqual i f ied 

difference between hiemalis and pacificus songs. Songs of hiemalis have a bimodal 
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distribution o f frequencies, with peaks occurring at 4.3kHz and 7.5kHz. This contrasts to 

pacificus songs, which sing a large portion of their notes at high frequencies, resulting in 

a unimodal distribution that peaks at 7.5kHz. These differences between hiemalis and 

pacificus songs, which can also be seen by examining spectrograms (Fig 2.3), are 

observed both in sympatry and allopatry. 

The distinctness of hiemalis and pacificus songs was confirmed by quantitative 

analysis. O f the seven basic variables that we measured, three showed highly significant 

differences between groups (Fig. 2.5; see caption for statistical tests). These include high 

frequency (Max Freq), mean frequency (Mean Freq), and number of transitions through 

5.5kHz (Trans/Sec), which are each higher in pacificus. The differences between hiemalis 

and pacificus are as strong within the overlap zone as between allopatric populations. 

Multivariate analysis further illustrates the differences between hiemalis and 

pacificus. The principal components analysis (Fig. 2.6, Table 2.1) shows no overlap 

between sympatric hiemalis and pacificus songs, with a noticeable gap between them. 

Within each taxon, songs differ little between allopatric areas and the contact zone. P C I , 

which is highly correlated with Max Freq, Mean Freq, and Trans/Sec (Table 2.1), is low 

in hiemalis and high in pacificus (t = -9.4326, df = 18.878, P < 10"7). 

Molecular analysis.—Among the 16 individual winter wrens sampled in sympatry at 

Tumbler Ridge, we observed 9 haplotypes that show a striking pattern of relationships 

(Fig. 2.7): the 2 haplotypes in the 4 hiemalis singers differ from each other by only a 

single base pair, and the 7 haplotypes in the 12 pacificus singers differ from each other by 

only up to 2 base pairs; in contrast, these pacificus and hiemalis haplogroups differ from 
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each other by 65 or more base pairs. The two most common haplotypes (A and H, Fig. 

2.7) correspond to previously published sequences from allopatric individuals (Drovetski 

etal, 2004). These common haplotypes differ at 65 of 1041 bp (6.24 %), an amount 

similar to the divergence found between allopatric pacificus and hiemalis populations by 

Drovetski et al. (2004). There was a perfect correspondence between singing type and 

haplogroup; each singer in sympatry belonged to the haplogroup of allopatric individuals 

of the same singing type. Thus, in every case singing type was predictive of N D 2 

genotype, an association that is highly significant (Fisher's exact test using samples from 

the contact zone: P = 0.000549). 

Sequences can be downloaded from Genbank (Accession numbers X X X X X -

X X X X X [to be determined upon acceptance]). 

D I S C U S S I O N 

We have found an area in northeastern British Columbia in which some winter 

wrens sing only eastern (T.t. hiemalis) song and others sing only western (T. t. pacificus) 

song, with individuals of the two types often occupying neighboring territories. Using 

multivariate analysis, we compared the songs within this overlap area with those from 

areas to the east and west in which only one of the song types is sung. We found the 

differences within the overlap zone as strong as those between allopatric populations. 

Moreover, we found that each singing type corresponds perfectly to distinct 

mitochondrial clades. 

There are two possible explanations for these findings. First, the two forms might 

have only recently come into contact (e.g. within the last generation) and hence have not 

yet had a chance to interbreed or exchange singing types through cultural mixing. This 
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possibility is highly unlikely, since the two subspecies that apparently correspond to the 

singing types have been recorded as occurring in northeastern British Columbia for at 

least the past half-century (Campbell et al, 1997). In addition, it is highly unlikely that 

we observed contact within the first generation of contact. Second and more likely, the 

two types of winter wren in northeastern B C might correspond to distinct species that are 

reproductively isolated, at least to a high degree. This conclusion is not entirely 

surprising given the substantial differences in mitochondrial D N A (Drovetski et al, 

2004) and song repertoire size (Kroodsma, 1980, 2005) that have been observed between 

wrens on the east coast and those on the west coast. 

Songs have been used increasingly in recent years to recognize the existence of 

morphologically cryptic species of birds (Irwin et al, 2001a; Packert et al, 2004), and 

this led us initially to ask whether there was gradual variation in winter wren song across 

North America or whether there was an area in which two distinct singing types were 

sung in sympatry. Song divergence is not necessarily indicative of genetic divergence. 

While some studies have found concordance in geographical patterns of acoustic and 

genetic variation at a small scale (Baker et al, 1982,1984) many others have not 

(reviewed in Slabbekoorn and Smith, 2002). Macro-scale song variation or "regiolects", 

however, encompassing extensive subpopulations over a large range, often correlate 

strongly to genetic and sometimes morphological divergence (Mundinger ,1982; Martens, 

1996; Alstrom and Olsson, 1999; Irwin et al, 2001a, b; Packert et al, 2004). Thus, while 

the presence of regiolects does not indicate a mechanism of isolation, when these variants 

are maintained in sympatry, such as the overlap of singing types of T. t.hiemalis and T.t. 
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pacificus winter wrens in Tumbler Ridge, they provide strong evidence for reproductive 

isolation. 

Intrinsic post-zygotic isolation is not a likely cause of reproductive isolation 

between such recently diverged sister taxa, as studies have shown that hybrid sterility and 

inviability generally take much longer to develop than pre-zygotic and extrinsic post-

zygotic isolation do (Price and Bouvier, 2002). Rather, reproductive isolation between 

hiemalis and pacific is likely due to either pre-zygotic or extrinsic post-zygotic isolation 

mechanisms. We examine each of these possibilities in turn. 

Pre-mating isolation often plays a major role in maintaining species boundaries in 

birds (Price, 1998; Irwin et al, 2001a). Dramatic plumage differences, timing of arrival 

on the breeding grounds, and variation in song characteristics have all been found to 

contribute to assortative mating among sympatric forms. We have little evidence for 

plumage differences or arrival time acting as barriers to interbreeding in this case: the two 

forms differ only in subtle patterns of plumage coloration, most noticeably on the throat, 

with pacificus being darker than hiemalis (Brewer, 2001; Hejl et al, 2002); we have no 

evidence for or against differences in arrival times in the overlap zone. Further study is 

needed to investigate i f either of these factors is acting as barriers to gene flow. However, 

we believe that differences in song and female response to song may be playing a more 

important role. 

L ike any other trait, song is expected to diverge over time between species for a 

variety of reasons (Catchpole and Slater, 1995; Irwin, 2000). Females of many species 

are known to assess male songs when choosing a mate (Catchpole and Slater, 1995; 

Hasselquist et al, 1996), hence it is l ikely that song is not only an indicator of 
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reproductive isolation but also plays a role in generating that isolation. The very distinct 

differences between T.t. hiemalis and T. I. pacificus song, which can be easily recognized 

by a human after moderate training, is surely recognizable to a female winter wren. If 

females in the overlap area were not choosy between which male songs they preferred, it 

would be unlikely to observe a strong correlation between song types and m tDNA 

haplotypes. In fact, we see a perfect correlation between song type and m tDNA haplotype 

in the overlap area. 

Extrinsic post-zygotic isolation mechanisms could also contribute to reproductive 

isolation between T.t. hiemalis and T.t. pacificus. One possible source of postzygotic 

isolation is seasonal migratory behavior. Two disjunct wintering areas of winter wrens 

occur in North America: one in the southeastern U .S., where it is thought that T.t. 

hiemalis mainly winters, and another along the west coast from California through 

Alaska, where it is thought that T.t. pacificus mainly winters (Hejl et ai, 2002). Breeding 

populations in the interior of the continent are highly migratory. These patterns suggest 

that the overlap zone between T.t. hiemalis and T.t. pacificus may correspond to a 

migratory divide (Bensch et al, 1999; Ruegg and Smith, 2002; Irwin and Irwin, 2005),-in 

which two forms breed in sympatry but migrate in different directions to their wintering 

grounds. Hybrids between the forms might inherit intermediate and likely inferior 

migratory behavior, l ikely resulting in selection against hybrids. Thus, differences in 

migratory behavior can potentially contribute to reproductive isolation, reducing gene 

flow between the divergent forms and promoting speciation (Helbig, 1991; Bensch et al, 

1999; Ruegg and Smith, 2002; Irwin and Irwin, 2005). We suspect that migratory 
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differences contribute to reproductive isolation between T.t. hiemalis and T.t. pacificus, 

but that song differences play a larger role. 

Our data lead us to propose that within the currently defined T. troglodytes, the 

western subspecies, T.t. pacificus, along with other closely related western subspecies 

(e.g. T. t. salebrosus) should be promoted to the species level designation of Troglodytes 

pacificus. We suggest the common name "Pacif ic wren" for this new species, as that 

name reflects its scientific name as well as its geographic distribution (although it should 

be noted that other subspecies of T. troglodytes inhabit the Pacific coast of Asia). The 

eastern subspecies, T.t. hiemalis, and other closely related subspecies (e.g. T. t. pullus), 

including Old-World forms, should retain the Troglodytes troglodytes species name for 

now. This includes the European form with the original "pure" trinomial Troglodytes 

troglodytes troglodytes. We speculate that future work may determine that additional 

cryptic species may occur with T. troglodytes, as suggested by Drovetski et al. (2004). In 

particular, it is likely that T. t. hiemalis is phylogenetically distinct from Eurasian forms 

of T. troglodytes, but testing their distinction under the biological species concept wi l l be 

difficult as it is unlikely the two encounter each other in a natural setting. 

To properly date the splitting of the T.t. heimalis and T. (t.) pacificus wrens, a 

statistically robust phylogenetic tree combined with an accurately calibrated molecular 

clock is necessary. Drovetski et al. (2004) found a well-supported maximum likelihood 

tree that dated the split between the two taxa to approximately 1.5 mil l ion years before 

present. This date was based on an N D 2 molecular clock calibrated for Galapagos 

mockingbirds of 5.5% sequence divergence per mil l ion years (Arbogast et al. 2006). This 

is at the upper range of most N D 2 calibrations, which have been estimate in most mtDNA 
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coding regions to be between 0.01 to 0.025 substitutions per site per lineage per mill ion 

years (Arbogast et al, 2002). Recent evidence indicates that colonization of highland 

areas may be used to calibrate reliable molecular clocks (Weir and Schluter, submitted). 

This would suggest, for instance, that the montane timblerline wren (Thryorchilus 

browni) and its lowland relative the rufous-browed wren (Troglodytes rufociliatus; Rice 

et al, 1999) can be used to calibrate an N D 2 molecular clock within the wrens. These 

two taxa each differ from their common ancestor by an estimated 0.086 substitutions per 

site (Toews, unpublished). This speciation event likely occurred prior to the uplift of 

Cordillera de Talamanca in Costa Rica and western Panama during the subduction of the 

Cocos plate beneath the Caribbean plate, approximately 4.5 mil l ion years ago (Grafe et 

al, 2002; Abratis and Worner, 2001). Thus, this calibration results in an estimated rate of 

sequence divergence of 3.8% per mil l ion years, rather than the 5.5% rate used by 

Drovetski et al (2004). Applying this rate to the branch lengths reported in the tree of 

Drovetski et al. (2004), we estimate the split between T. t. hiemalis and T. (t.) pacificus at 

roughly 2.3 mil l ion years before present, or slightly prior to the Pleistocene epoch. This 

estimated divergence date predates all ten of the divergence dates estimated by Weir and 

Schluter (2004) for other boreal sister-species pairs, demonstrating that cryptic species 

can often be quite old compared to species pairs with, obvious plumage differences. 

The finding that Troglodytes (t.) pacificus and Troglodytes troglodytes hiemalis 

are distinct biological species, which have likely been evolving independently for 

mill ions of years, is especially interesting given their extreme morphological similarity. 

The two forms differ in plumage only in subtle ways, most noticeably on the throat, with 

T. (t.)pacificus being darker than T.t. hiemalis (Brewer, 2001; Hejl et al, 2002). In our 
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experience, this difference is xobservable in museum skins but quite challenging to use as 

a distinguishing feature in the wi ld, even when examining birds in the hand. The two taxa 

have broadly overlapping measurements at six morphometric traits (Toews and Irwin, 

unpublished). In contrast, we have been able to reliably identify individuals as hiemalis 

or pacificus after hearing just a single song, as confirmed by the quantitative analysis of 

song and the mitochondrial D N A data. This suggests a practical diagnostic tool 

differentiate the two species: it is clear from our data that future studies could simply 

measure song characteristics such as transitions per second or mean frequency to classify 

birds with high certainty. 

In addition to their morphological similarity, our field observations also suggest 

that T. t. hiemalis and T. (t.) pacificus may be quite similar ecologically. Within the 

contact zone, the two forms seem to have similar habitat preferences, occurring only in 

mature coniferous forest with much downed wood, a type of habitat that now covers only 

a small fraction of the landscape. The T. t. hiemalis males that we have observed in the 

overlap area have occurred near T. (t.) pacificus males, often in abutting territories. In 

several cases, we have observed 71 (t.)pacificus occupying terrirories that were occupied 

by- 71 t. hiemalis the year before. Informal playback experiments in the overlap area also 

suggest that these two may be competing for resources, as males of each species respond 

to songs of the other species about as well as their own. Together, these observations 

suggest that the two species utilize substantially similar resources. Thus, evidence 

indicates these species are reproductively isolated while still ecologically similar, perhaps 

explaining the narrowness of the contact zone. Formal, more extensive playback 
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experiments are required in both sympatric and in allopatric populations to better 

understand the competitive and behavioral interactions between these two species. 

These results raise the question of whether there are other morphologically similar 

taxa in North America that are currently considered conspecific but in fact are 

reproductively isolated. Research in central As ia has revealed the presence of many such 

cryptic species (reviewed by Irwin et al, 2001a), and further research in the central parts 

of North America, particularly in the boreal forests of western Canada, may similarly 

reveal more species pairs. Revealing such cryptic species may have important, 

implications for the debate about the role of Pleistocene glaciations in speciation. In this 

case, a taxon that until now was treated as a single species is in fact a species pair that is 

older than all of the boreal sister species splits examined so far in North America (Weir 

and Schluter, 2004). 
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Table 2.1. Eigenvalues, variance explained, and factor loadings of the first three principal 
components produced in the P C analysis (see Figs. 2.5-2.6). Factor loadings are 
equivalent to simple correlation coefficients between a variable and a principal 
component. 

PCI PC2 PC3 

Eigenvalue 2.712 1.218 1.161 

Variance explained 38.7% 17.4% 16.6% 

Factor loadings: 

Length -0.186 0.408 -0.740 

Min Freq -0.025 -0.472 -0.750 

Max Freq 0.912 0.127 -0.088 

Mean Freq 0.920 0.200 -0.166 

SD Freq -0.150 0.583 -0.077 

Percent Blank -0.328 0.654 0.048 

Trans/Sec 0.932 0.070 0.086 
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F i g . 2.1. Breed ing distributions o f winter wren (Troglodytes troglodytes) i n North 
A m e r i c a , a long w i t h locations o f research sites. Dis t r ibut ions o f subspecies are indicated 
w i t h i ta l ic ized names according to Brewer (2001) and He j l et al. (2002). T h e western 
group also includes several subspecies on islands o f f o f A l a s k a (not shown; see Brewer 
[2001] and H e j l et a l . [2002] for details; but see K r o o d s m a and B r e w e r [2005] for a 
differing treatment o f western subspecies). Research sites are indicated by two-letter 
codes (PS: Pac i f i c Spir i t Park, Vancouver , B C ; WH: Whis t le r Interpretive Forest, 
Whis t le r , B C ; G L : G a v i n L a k e Forestry Centre, i n the U B C A l e x Fraser Research Forest, 
northeast o f 150 M i l e House , B C ; PG: Pr ince George, B C ; TR: Tumble r R i d g e , B C ; LS: 
Lesser Slave L a k e , A B ) . Recordings obtained from the Macau l ey L ib ra ry came from four 
addi t ional sites (OR: C o r v a l l i s , Oregon; CA: Sattley, Ca l i fo rn ia ; ON: A l g o n q u i n Park, 
Ontar io; and NB: G r a n d M a n a n Island, N e w Brunswick ) . 
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F i g 2.2 E x a m p l e song spectrograms from ( A - C ) three eastern winter wrens 
(Troglodytes troglodytes hiemalis) and ( D - F ) three western winter wrens (Troglodytes 
troglodytes pacificus). One song is shown for each ind iv idua l f rom A ) G r a n d M a n a n 
Island, N e w B r u n s w i c k B ) Lesser Slave L a k e , A lbe r t a C ) A l g o n q u i n Park, Ontar io D ) 
G a v i n L a k e , B r i t i s h C o l u m b i a E ) Pr ince George , Br i t i sh C o l u m b i a and F ) Whis t le r , 
B r i t i s h C o l u m b i a 
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F i g 2.3 E x a m p l e song spectrograms from six winter wrens i n the area o f overlap 
between eastern hiemalis ( A - C ) and western pacificus ( D - F ) wrens, near T u m b l e r Ridge , 
B C . One song is shown for each ind iv idua l . No te the s imi lar i ty o f each type to allopatric 
songs (see F igure 2.2). 
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Fig. 2.4. Peak sound frequency distributions for hiemalis and pacificus songs, as 
found both in allopatry and sympatry. Peak sound frequencies were measured every 0.25 
seconds throughout songs, resulting in a total sample size of 1267 for hiemalis songs and 
1795 for pacificus songs. Symbols show average frequency distributions for allopatric 
hiemalis (filled circles), sympatric hiemalis (filled diamonds), allopatric pacificus (open 
circles), and sympatric pacificus (open diamonds). Lines represent mean frequency 
between allopatric and sympatric samples at the same note frequency (black, hiemalis; 
grey, pacificus). 
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Fig . 5. Variation in song of allopatric and sympatric populations of western 
pacificus and eastern hiemalis winter wrens. Seven basic song variables and the first 
principal component are shown. Each point represents a mean of five songs from a single 
individual. There are statistically significant differences among groups in three raw 
variables ( A N O V A s on log-transformed values: Transitions per Second, F- 45.136, d f= 
3 and 28, P < 10" 1 0 ; High Frequency, F= 10.578, df = 3 and 28, P < 0.0001; Mean 
Frequency, F = 34.476, df = 3 and 28, P < 10"8). P C I , which represents the major axis of 
variation in the basic variables, also differs significantly among groups ( A N O V A : F = 
33.326, d f - 3 and 28, P < 10"8). 



40 

Higher max. freq., « 
higher mean freq., 
and more changes 

in frequency ™ 

Song PC1 

Lower max. freq., 
lower mean freq., 

and fewer changes 
in frequency 

O o 

CA OR 

8° 
08 

00 
o 

VA i WH GL JPG 

I 

TR LS ON NB 

Location 

Fig 2.6 Individual songs of western {pacificus; open symbols) and eastern 
(hiemalis; closed symbols) winter wrens are readily distinguished by principal 
components analysis. The analysis summarizes variation in seven variables. The first 
principal component (PCI ) accounts for 38.7% of variance in the entire data set. Each 
column, ordered left to right by longitude (west to east) represents an individual bird and 
each point represents a single song, of five, analyzed for each individual. Songs from the 
sympatric population in Tumbler Ridge (TR; diamonds) are indistinguishable from the 
respective allopatric songs (all other locations; circles). 
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F i g 2.7 M i t o c h o n d r i a l D N A haplotype network o f 16 winter wrens occurr ing i n 
sympatry i n T u m b l e r R idge , B C , generated us ing 1041 bp o f the N D 2 gene. The 
frequency o f haplotypes is represented by the areas o f the circles (the smallest circles are 
each representative o f one individual) and the number o f nucleotide differences is 
represented as the number o f nodes between the circ les . Nodes are colored based on the 
singing type o f the ind iv idua l (pacificus singers shown as white, N=T2; hiemalis singers 
as shaded, N=4) . T h e two major haplogroups, w h i c h correspond to distinct s inging types, 
are separated by 65 mutations (6.2 % sequence divergence), but haplotypes wi th in each 
group differ f rom each other by only 1 or 2 mutations. 
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CHAPTER III* 

Patterns of nuclear and mitochondrial genetic variation 
within and between Troglodytes (t.) pacificus and Troglodytes troglodytes. 

I N T R O D U C T I O N 

Population dynamic and evolutionary studies that are based on variation at a 

single locus can be misleading, as there are many reasons why the assumption that 

variation at a single locus is representative of genome-wide variation may be violated 

(reviewed by Ballard and Whitlock, 2004). Despite these concerns, there has been a 

flurry of biogeographic studies basing conclusions solely on mitochondrial D N A 

(mtDNA) variation, which has a non-recombinational and uniparental mode of 

inheritance and thus acts like a single locus. Subsequently, studies revisiting these 

systems with data generated from multiple markers often support, but sometimes conflict 

with conclusions drawn from patterns observed in m tDNA (Irwin et al, 2005; Bensch et 

al, 2006). In either case, supplementing studies based on a limited number of markers 

with the addition o f multiple independent markers, especially of nuclear origin, can 

greatly improve our understanding of taxa with complex evolutionary histories (Hare, 

2001; Irwin et al, 2005). 

Evidence of hybridization and identification of reproductive isolation between 

divergent populations can be especially difficult when relying on solely mtDNA. Hybrid 

individuals, for instance, cannot be diagnosed from a single haploid locus such as 

mtDNA. In addition, theory suggests that even documentation of deep phylogeographic 

* A portion of this chapter is being prepared for submission for publication in Molecular 
Ecology. Toews D.P.L . Patterns of nuclear and mitochondrial genetic variation within 
and between Troglodytes pacificus and Troglodytes troglodytes. 
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splits between geographically proximate populations is not necessarily conclusive 

evidence of reproductive isolation. For example, in a system with continuously 

distributed populations and a relatively short dispersal distance, the maternal inheritance 

of mtDNA can create phylogeographic structuring between mtDNA clades even when 

there are no barriers to gene flow (Irwin, 2002). This sort of phenomenon may have 

occurred in the greenish warbler system (Phylloscopus trochiloides), a widely distributed 

and geographically variable ring species in Asia, where a deep mtDNA phylogeographic 

split was unexpectedly discovered between western Himalayan populations that were 

previously assumed to be exchanging genes because of a gradient in morphology and 

song (Irwin et al, 2001). Nuclear markers subsequently indicated that there was in fact 

gene flow between these populations; this study illustrates the potential error in 

concluding reproductive isolati.on with evidence gathered only from mtDNA (Irwin et al, 

2005). 

The conclusions forming the basis of the proposed taxonomic split and 

reproductive isolation of Boreal eastern and coastal western forms of winter wren 

(Troglodytes troglodytes and T. (t.) pacificus, respectively), elevating T. (t.) pacificus 

from subspecies to full species status, were based primarily on data from mtDNA and 

bioacousic variation from limited sampling in a recently discovered overlap area (see 

chapter 2). There are a number of alternative hypotheses that could not be addressed by 

this study, however, because of the aforementioned limitations in mtDNA for identifying 

hybridization and reproductive isolation. Thus, it is possible that these forms are in fact 

exchanging genes at an appreciable level though not detected through our analyses 

because a) sampling in the sympatric population was insufficient in detecting hybrids; b) 
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gene flow is being mediated by males in each species, either currently or historically, 

which would not be detected through analyses of maternally-inherited mtDNA; or c) 

while unlikely, cryptic hybridization could be masked by matrilineally inherited song 

type. I address these alternatives by utilizing nuclear, amplified fragment length 

polymorphisms ( A F L P ) markers in the present study. 

A F L P s are haphazardly distributed dominant nuclear makers that have been used 

widely to study hybridization in plants (e.g. Ritland & Ritland, 2000) and have recently 

become more popular in vertebrate systems (Liu et al, 2000; Bensch et al, 2002a; 

Bensch et al, 2002b). Whi le they are limited in that they cannot resolve heterozygotes in 

diploid organisms, as bands are scored as either present or absent, they make up for this 

deficiency by allowing for a large number of loci to be analyzed with relatively little 

effort (Vos, 1995). In addition, A F L P s have the ability to show genetic mixture where 

mtDNA cannot and are much better suited for detecting hybridization. Therefore, I expect 

that i f past or present gene flow is in fact significant between these two putative species 

of winter wren, then heterospecific individuals in the sympatric population wi l l appear 

more genetically similar than heterospecific individuals from allopatric populations at a 

large portion of screened nuclear A F L P loci. I employ the use of multivariate statistics to 

illustrate the genetic relatedness of individual winter wrens and test this hypothesis. 

The second goal of this chapter is to examine geographic variation within other 

closely related subspecies, as the observation that T. t. hiemalis and T. t. pacificus were in 

fact distinct biological species raises the question to whether other subspecies within this 

complex exhibit genetic divergence. Many other avian boreal species complexes in North 

America contain "interior/Rocky Mountain" groups, which are thought to have been 
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isolated during the glacial cycling of the Pleistocene, and many show significant 

morphological, plumage, acoustic, and genetic differentiation (Weir and Schluter, 2004). 

Winter wrens are no exception to this biogeographic pattern, and the sampling regime for 

the present study was designed so that I might address whether the "interior/Rocky 

mountain" group in this taxon, Troglodytes (troglodytes) salebrosus, showed genetic 

differentiation from other groups in the complex. 

T. (t.) salebrosus was first identified by Burleigh (1959) based on slight plumage 

variation and is described as having medium-brown upperparts with a rufous wash and a 

throat and breast that is medium to pale brown (slightly paler than T. (t.) pacificus; Pyle 

1977). I denote its species name in parentheses, reflecting current A O U listings, to 

indicate at present it is unclear whether T. (t.) salebrosus is most closely related to the 

recently named Troglodytes (t.) pacificus group or the T. troglodytes hiemalis group - no 

known genetic or sonographic studies have been carried out to date on this subspecies. T. 

(t.) salebrosus has a breeding range that is thought to occur in the south-western interior 

of British Columbia and north-eastern Oregon, making it geographically most proximate 

to T. (t.) pacificus, although its distribution has never been formally documented (Phillips 

1986). In general, avian species complexes that speciated during the Pleistocene contain 

"interior/Rocky mountain" that are most closely related to western/coastal groups, 

although genetic analyses would be needed to address this question in this system (Weir 

and Schluter, 2004). Therefore, by employing the use of A F L P markers, I quantified the 

genetic differentiation between pacificus, hiemalis, and salebrosus via two methods: one 

method that required an a priori designation of individuals as "salebrosus"''' (pairwise F-

statistics) and one that did not (clustering and assignment tests). This is an important 
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distinction, as differentiating "salebrosus" from pure "pacificus" based on plumage or 

acoustic traits was unreliable (see results). 

Thus, in this chapter I 1) use multilocus nuclear A F L P markers to determine 

whether there has been significant past or present hybridization between T. (t.) pacificus 

and T. troglodytes, and 2) use a combination of A F L P and m t D N A markers to determine 

the genetic relatedness o f T. (t.) salebrosus to T. (t.) pacificus and T. t. hiemalis. 

M E T H O D S 

Sampling 

A total of 71 winter wren genetic samples were obtained from the field and from 

museum specimens (Fig 3.1; the Burke Museum provided the samples [N=5] from W A , 

M N , N Y ) . Samples from the field were obtained during catch and release study in mist 

nets following response to song playbacks. Individuals were usually identified by song 

before capture, using the easily identifiable "singing types" described in chapter 2 to 

distinguish between T. (t.) pacificus and T. troglodytes. Samples were obtained from 

across the range of T. t. hiemalis ( A F L P , n=T5; m tDNA, n=12) and T. (t.) pacificus 

( A F L P , n=56, m t D N A = 35) including the sympatric population (TR) described in 

chapter 2 (see F ig 3.1 for research sites). To sample T. (t.) salebrosus, I traveled to areas 

in southeastern Brit ish Columbia thought to be within breeding range of this subspecies 

(n=9; in Fig 3.1 N L , C L , C B , and P N ; D. Irwin provided 4 samples from P N and C L ) . 

Molecular Methods 
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Blood from individuals captured in the field was taken from the brachial vein and 

stored immediately in Seutin Buffer (0.15M N a C l , 0.05M Tr is -Cl , 0.001M E D T A , pH 

8.0) and left at ambient temperature until returned to the lab and frozen. Total genomic 

D N A was extracted using a standard phenol-chloroform extraction protocol. Following 

extraction and ethanol precipitation, the D N A pellet was resuspended in lOOul of I X T E 

(10 m M Tr is -HCl , 1 m M E D T A , pH 8.0) and stored at 4°C. 

Our A F L P analysis followed the protocol of Vos et al. (1995) with only minor 

modifications. D N A was digested with the endonucleases EcoRI and Mse I followed by 

ligation of the E- and M-adaptors (lOOuM). These fragments pre-amplified using 

complimentary E- and M-primers. The products from this reaction were diluted 40x,and 

stored as a stock solution for the selective amplification. Combinations of the E- and M -

primers (with three additional bases at the 3' end; see Table 1) were used for selective 

amplification during touchdown P C R in a volume of lOuL. The E-primers were 

fluorescently labeled with either IR-700 or IR-800 dyes so that reactions could be 

duplexed with two E-primers and one M-primer. Bands were separated on a L I -COR 

4300 in a 6.5% polyacrylamide gel and the presence or absence of fragments was binary 

coded (1 or 0) in S A G A v2.0. A l l data analyses were performed using only polymorphic 

A F L P loci. 

A portion of the mitochondrial N D 2 gene (954bp) was amplified using Invitrogen 

P C R reagents and Taq polymerase, supplied by New England Biolabs. The fragment was 

amplified with primers L5215 (Hackett, 1996) and H1064 (Drovetski et al, 2004) with 

the following thermal cycl ing temperature profile: 3 min at 95°C, 35 cycles of 95°C (30 

s), 55°C (30 s), and 72°C (30 s), followed by a final extension of 72°C for 10 min. P C R 
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fragments were sequenced by Macrogen Genomics in Seoul, Korea. Sequences contained 

no inertions/deletions and were aligned manually using BioEdit sequence editor (Hall, 

2005). 

Statistical Methods 

Exported binary A F L P genotype data from S A G A were transposed in Excel and 

imported to J M P I N 4.0 where relationships among taxa were investigated using principal 

components analysis (PCA) . Multivariate analysis is quite amenable to interpreting this 

type of binary multilocus data and is routinely used in studies investigating the genetic 

relatedness of individuals (e.g. Irwin et al, 2005; Van Treuren etal, 2005). To compute 

Fsrstatistics (Wright, 1951), I used Arlequin 3.1 (Excoffier et al, 2005) and grouped 

samples in to 'T . (t.) pacificus'", "T. troglodytes", or "T. (t.) salebrosus" for pairwise 

comparisons. The current version of this software package has limited support for 

dominant markers and requires that A F L P markers be coded as haploid R F L P markers. 

Under the assumption of Hardy-Weinberg equilibrium, F^- estimates calculated in this 

way still provide meaningful values of partitioned genotypic variance, though these are 

not comparable to the F57 estimates from co-dominant markers, as these are derived from 

differences in the variance of allele frequencies. For m t D N A , N D 2 sequence alignment 

was performed in M E G A 3.1 (Kumar et al, 2004), where editing was required to crop 

uneven ends. Sequences were then imported into Arlequin, which was used to calculate 

pairwise Fsr statistics. 

Structure v2.2 (Pritchard et al, 2000) was used to quantify the occurrence of 

hybrid individuals and geographic structuring. Structure implements a model-based 
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clustering method to identify the number of populations (K) with the highest likelihood in 

a given dataset, such that K>1 would indicate genetic structuring (Pritchard et al., 2000). 

Each population is characterized by a set of allele frequencies at each locus and 

individuals are assigned to populations with a given probability (Pritchard et al., 2000). 

The species level differences between T. (t.) pacificus I T. troglodytes should result in 

two distinct clusters, with any number of clusters greater than two indicating structuring 

within one of these species. If K>2,1 am especially interested i f the individuals assigned 

to these clusters correspond to those individuals sampled in the breeding range of T. (t.) 

salebrosus. To perform this analysis, I assumed the admixture model and completed 

multiple runs for values o f K between 1 and 5. Each run consisted of a 50,0000 step burn-

in with 50,000 additional cycles, and for each value of KI ran the parameter set for 10 

iterations. To deal with a statistical artifact produced by structure that results in higher 

likelihoods and variance with larger K, which can make determining the true number of 

clusters in a dataset problematic, I identified the K value with the largest A/C according to 

Evanno et al. (2005). 

R E S U L T S 

A total of 105 polymorphic A F L P makers were scored using 7 primer pair 

combinations (Table 3.1)- Visual inspection of A F L P profiles of Troglodytes troglodytes 

and T. (t.) pacificus suggested that they differ at a significant portion of loci. Principal 

components analysis confirms this observation and shows no overlap between T. 

troglodytes and T. (t.) pacificus individuals along the first principal component axis, with 

a noticeable gap between the scores for the two species (Fig. 3.2; see Table 3.2 for 
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eigenvalues and proportion of variance explained). The first principal component (PCI) 

explains significantly more variation than PC2 and PC3 (20%, 5%, and 4%, respectively) 

and clearly separates the two species. Individuals from the sympatric population cluster 

with allopatric individuals of the same species, and allopatric and sympatric populations 

within species are essentially indistinguishable. 

There is, however, a single individual falling between the two species clusters. 

Preliminary sequencing from a fixed difference in a nuclear intron between the species 

indicates it is likely a first generation hybrid, as it is heterozygous for this fixed 

difference (Toews, unpublished). Surprisingly, this individual was not captured in the 

sympatric population - it was captured in an allopatric western population (GL in Fig 

3.1), which was thought to be exclusive to T. (t.) pacificus. Subsequent pairwise V$T 

analyses were performed with this individual removed from that dataset. 

Calculation of AK using the L(K) output from Structure showed a clear peak at a 

K-2 (Table 3.3). A l l individuals, with one exception (see below), were assigned to either 

of these populations population with a high probability by Structure (>90%). 

Assignments correlate perfectly with our a priori designation of individuals as either T. 

troglodytes or T. (t.) pacificus. The hybrid individual was the one exception to this 

pattern and had an equal probability (45-55%) of being assigned to either population, 

consistent with expectation of a first generation hybrid. Output using this method, then, 

shows no evidence o f structuring within either of these species, as would be concluded i f 

K>2. Calculation of Fsr between T.(t.) salebrosus and T. (t.) pacificus (Table 3.4) 

detected subtle structuring (F.s7=0.019 P<0.05) using the A F L P markers, although this 



55 

was much smaller than the differentiation calculated between T. (t.) pacificus and T. 

troglodytes (FST= 0.425, PO.01 ) . 

The pattern o f geographic structuring in m t D N A is similar to that of A F L P . 

mtDNA shows substantial and statistically significant structuring between T. (t.) pacificus 

and T. troglodytes (Fsr=0.927, PO.01 ) , but no significant structuring between T. (t.) 

pacificus and T.(t.) salebrosus ( F 5 7 - -0.034, P>0.05). The sampled haplotypes included 

the same ones identified in chapter 2 in the sympatric population (see Fig 2.7) as well as a 

small number of new ones. None were unique to any of our geographic localities, and 

none were associated with any structuring between T. (t.) pacificus and T. (t.) salebrosus. 

DISCUSSION 

In the current study I analyzed nuclear (AFLP) and mitochondrial (mtDNA) 

markers from individuals in the North American winter wren species complex, including 

individuals from a recently described overlap area between divergent forms within this 

complex (see chapter 2). The main objective of this of this analysis was to address 

shortcomings of our previous study, which asserted that Troglodytes troglodytes and 

Troglodytes (t.) pacificus were distinct biological species by identifying distinct mtDNA 

and bioacoustic patterns that were maintained in symptary, which was considered strong 

evidence of reproductive isolation. Due to a low frequency of individuals in the contact 

area, however, our l imited sampling may not have allowed us to detect gene flow or 

hybridization even i f it was fairly common. This issue is significantly addressed with 

analyses of numerous independent nuclear markers (AFLPs) because they have the 

ability to show genetic introgression where a single haploid m t D N A locus cannot. 
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Therefore, i f these forms are not reproductively isolated and gene flow is in fact 

significant between them, we would expect that heterospecific sympatric individuals 

would appear more genetically similar than heterospecific allopatric individuals at a 

significant proportion o f these loci. Thus, small sample sizes can be successfully 

analyzed with A F L P s to detect the past or present imprint of hybridization in instances 

where mtDNA markers cannot. 

Data from the present study are consistent with the major finding of chapter 2: 

that gene flow between T. troglodytes and T. (t.) pacificus is occurring at only an 

extremely low rate i f at al l , and the level of reproductive isolation between the two 

species is high. Multivariate analysis illustrates this clearly, with the first principal 

component axis distinctly separating the two species. I found no evidence of genetic 

introgression, as heterospecific individuals living in sympatry were as different from each 

other as heterospecific individuals in allopatry. In addition, because nuclear markers take 

longer to complete the process of lineage sorting, the finding that T. troglodytes and T. 

(t.) pacificus differ at a significant portion of the genome also supports observation that 

they have not shared a common ancestor for many generations (the m t D N A estimate is 

2.3 mil l ion years before present; see chapter 2). Thus, I am confident in rejecting the 

alternative hypotheses that a) sampling didn't allow us to detect significant hybridization 

in the contact zone b) gene flow is being mediated by males and c) cryptic hybridization 

was masked by matrilineally inherited song type, as these would all result in genetic 

mixing at nuclear loci and would likely be detected by the A F L P analysis. Thus, 

numerous lines of evidence (mtDNA, A F L P , and bioacoustic) suggest it is likely that 
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these two forms of winter wren are strongly reproductively isolated and current taxonomy 

should reflect this distinction. 

Interestingly, the analysis did detect a single adult hybrid individual, which had an 

"eastern" mitochondrial type in addition to a mixed nuclear genotype - there was an 

equal probability o f assignment (45-55%) to either parent species using A F L P data. It 

was later identified as a likely first generation hybrid (Fi), as it was heterozygous for a 

fixed nuclear polymorphism between the species (Toews, unpublished). The location of 

this sample is surprising as it was taken not from the contact zone, but rather from an 

allopatric T. (t.) pacificus area, approximately 300km away. This is surprising because i f 

one were to predict that hybridization was occurring between these species, one might 

expect the area with the highest probability for detecting hybrids to be the sympatric area. 

I cannot confidently determine the home territory of this individual, however, as it is 

possible this individual was still on spring migration (it was caught very early in the 

breeding season and seemed to be in suboptimal habitat). 

It is not entirely surprising to find hybrids between divergent avian species, as 

studies have found that hybrid sterility and inviability generally take much longer to 

develop than pre-zygotic and extrinsic (i.e. bahavioural or ecological) post-zygotic 

isolation in avian systems (Price and Bouvier, 2002). It is unclear from the present data i f 

hybrids at low frequency are able to contribute to the gene pools o f the parental 

populations, or i f extrinsic factors, such as divergent migratory behaviours or courtship 

behaviours, have reduced the chances of successful reproduction such that there is no 

gene flow between the species. There are a number of examples in avian systems where, 

even in the face of hybridization, reproductive isolation is considered to be complete. 
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Two species in the well-studied Ficedula system, for example, hybridize at a relatively 

low frequency, but yet maintain species level differences (in Saetre et. al, 2002). 

The second goal of this study was to determine i f there is any significant sub-

structuring within the recently named T. (t.) pacificus species. Specifically, I was 

interested i f there was genetic differentiation between pure T. (t.) pacificus and a related 

subspecies, Troglodytes (troglodytes) salebrosus. Based on previous records (Hejl et al. 

2004) I traveled to areas thought to contain the breeding range for this subspecies and 

obtained genetic samples from nine individuals in this area (see Fig. 3.1). There were no 

apparent phenotypic differences (plumage or vocal) between these individuals and other 

T. (t.) pacificus individuals in the field, so I cannot be completely confident that the 

individuals in this area were from the T (t). salebrosus subspecies. 

The results of the present genetic analysis are generally consistent with these field 

observations: there was no evidence of sub-structuring within either species when using 

clustering methods from nuclear makers, without any a priori taxonomic information, 

and only slight structuring between the subspecies when groupings were defined a priori, 

although only at nuclear loci. In addition, any genetic structuring that was observed 

between T. (t.) salebrosus and T. (t.) pacificus was substantially lower than between T. 

(t.) pacificus and T. troglodytes, and is unlikely to be representative of species level 

differences. Whether this result is due to insufficient sampling or due to a lack of genetic 

differentiation between T. (t). salebrosus and T. (t.) pacificus is unclear, however, and 

should be addressed in the future with more intensive sampling in Oregon and Idaho. 

Other avian boreal species complexes with both a "west coast/coastal" and an 

"interior/Rocky Mountain" group (Weir and Schluter, 2004) show significant genetic 
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differentiation between these groups and usually morphological, plumage, and acoustic 

differences. The fox sparrow (Passerella iliaca schistacea; Zink 1994), plumbeous vireo 

(Vireoplumbeus; Johnson 1995), Virginia's warbler (Vermivora virginiae; Brush and 

Johnson, 1976), Townsend's warbler (Dendroica townsendi; Rohwer et al., 2001), and 

the red-naped sapsucker (Sphyrapicus nuchalis; Cicero and Johnson, 1995) are all 

examples of interior species/subspecies whose superspecies' shares a similar 

biogeographic pattern with the winter wrens, and all show some level of phenotypic and 

genetic differentiation between groups within their respective genus/species. The coastal 

and interior subspecies of Hutton's vireo, for example, Verio huttoni huttoni and V. h. 

stephensi, respectively, show significant genetic differentiation calculated from allozyme 

variation (FST = 0.614; Cicero and Johnson, 1992) that is much greater than observed 

between T. (t.) pacificus and T. (t.) salebrosus. Additionally, as our current hypothesis is 

that song divergence is a likely barrier to gene flow between T. troglodytes and T. (t.) 

pacificus, we might also expect that songs differ in T. (t.) salebrosus. No previous 

recordings are readily available for this subspecies, however, and all individuals heard or 

captured in the field sang a typical T. (t.) pacificus song. Thus, while more rigorous 

sampling of this subspecies should be attempted in future studies, the genetic data suggest 

it is unlikely that T. (t.) salebrosus exhibits species levels differences, such as those 

observed between T. (t.) pacificus and T. troglodytes. In addition, because of its close 

genetic relatedness to T. (t.) pacificus and distant relatedness to T. troglodytes, I propose 

that i f it T. (t.) salebrosus is to be considered a subspecies (based on criteria other than 

genetic uniqueness, which it lacks) it should classified within the T. (t.) pacificus group -

Troglodytes pacificus salebrosus. 
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In conclusion, the finding that T. (t.) pacificus and T. troglodytes are distinct 

biological species is especially interesting given their extreme morphological similarity 

and emphasizes the importance of supplementing traditional classifications with 

molecular and bioacoustic data from areas of overlap, i f and where they exist. Our 

previous reliance on maternally inherited mtDNA markers to resolve reproductive 

isolation (chapter 2), however, meant that conclusions about recent gene flow and 

hybridization were limited. The analysis of nuclear markers in sympatric and allopatric 

individuals in both these species revealed significant differentiation at nuclear loci and 

supports the conclusion that they are reproductively isolated. Although I documented a 

low level of hybridization, it is unlikely this contributes to much, i f any, recent gene f low 

between these highly divergent species and depends on whether first generation hybrids 

can reproduce successfully with other hybrids or in backcrossing to either parental 

species. Future studies should attempt to document the song repertoires of these rare 

hybrids as well as expand genetic sampling of T. (p.) salebrosus. 
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Table 3.1. A F L P primer combinations resulting in informative polymorphic fragments. 

Primer 
combination 

EcoRl 
Primer 

(NNN-3 ' ) 

Msel Primer 
(NNN-3 ' ) 

Number of 
polymorphic 

fragments 
#1 A G C C A T 20 
#2 A C G C A T 6 
#3 A C C C A T 18 
#4 A G G C A C 16 
#5 A A G C A C 11 
#6 A G C C A C 20 
#7 A A C C A C 14 

Table 3.2. Eigenvalues and variance explained of the first three principal components 
produced in the P C analysis of A F L P profiles (see F ig. 2). 

PCI PC2 PC3_ 
Eigenvalue 20.679 4.728 . 4.427 

Variance explained 19.7% 4.5% 4.2% 

Table 3.3. Estimated log probability, variance, and AK at different clusters (K) from 
Troglodytes troglodytes and Troglodytes (t.) pacificus A F L P data. 

K L n P(D) AK 
1 -4527.92 145.78 -

• 2 -3784.74 367.81 523.6 
3 -3927.05 777.43 2.5 
4 -3840.04 740.76 2.3 
5 -3867.96 900.81 -

Table 3.4 Population pairwise differences and F S T values for groups of Troglodytes 
estimated from A F L P profiles and N D 2 sequence. * indicates pairwise comparisons with 
P O . 0 1 . 

T. t. hiemalis T. (t.) pacificus 
A F L P . m t D N A A F L P m tDNA 

T. (t.) pacificus 0.425* 0.927* 
T. (t.) salebrosus 0.448* 0.986* 0.019 -0.034 
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F i g 3.1 Breed ing distributions o f winter wren (Troglodytes troglodytes) i n Nor th 
A m e r i c a , a long w i t h locations o f research sites. Dis t r ibut ions o f species/subspecies are 
indicated w i t h i t a l i c ized names according to Brewer (2001), H e j l et al. (2002) and Toews 
and I rwin (submitted). The western group consists o f Troglodytes (t.)pacificus, 
Troglodytes (t.) salebrosus, and a variety o f subspecies on islands o f f o f A l a s k a (not 
shown; see B r e w e r [2001] and He j l et a l . [2002] for details; but see K r o o d s m a and 
Brewer [2005] for a differ ing treatment o f western subspecies). Research sites are 
indicated by two-letter codes (PS: Pac i f ic Spi r i t Park, Vancouver , B C ; WH: Whis t l e r 
Interpretive Forest , Whis t le r , B C ; GL: G a v i n L a k e Forestry Centre, in the U B C / A l e x 
Fraser Research Forest, north o f 150 M i l e House, B C ; PG: Pr ince George, B C ; TR: 
Tumble r R i d g e , B C ; PN: Penticton, B C ; CL: Cr i s t ina Lake , B C ; NL: N e l s o n , B C ; CB: 
Cranbrook, B C ; KN: Kananaskis , A B ; AT, Athabasca R ive r , H i n t o n , A B ; LS: Lesser 
Slave L a k e , A B ) . Specimens obtained from the B u r k e M u s e u m came from three 
addit ional sites (WA, M a z a m a County , W A ; NY: M o n r o e Coun ty , N Y ; MN: Penobscot 
County , M a i n e ) . 
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Fig 3.2 Individual A F L P Principle Component scores of western (Troglodytes (t.) 
pacificus; open symbols) and eastern (Troglodytes troglodytes; closed symbols) winter 
wrens. The analysis summarizes variation in 105 A F L P loci. The first principal 
component (PCI ) accounts for 20% of variance in the entire data set and PC2 accounts 
for 5%. Individuals from the sympatric population (diamonds; Tumbler Ridge) cluster 
with allopatric individuals (circles) of the same species. 
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C H A P T E R IV - CONCLUSION 

The main finding from the data presented in this thesis was that two subspecies 

within the North American winter wren (Troglodytes troglodytes) species complex, 

Troglodytes troglodytes pacificus and Troglodytes troglodytes hiemalis, are in fact a 

cryptic species pair. Whi le this was especially interesting given the morphological 

similarity of these two species, my sonographic analysis agreed with previous research on 

the vocalizations of these taxa, suggesting the two have very different songs and have 

dramatically different repertoires (Kroodsma, 1980). Combining the bioacoustic data 

with two types of molecular markers (mtDNA and nuclear A F L P ) in sympatric and 

allopatric populations o f this species, I found no evidence to suggest significant amounts 

of gene flow between these types. Molecular dating also indicated that the two have not 

shared a common ancestor since the early Pleistocene, making them one of the oldest 

boreal sister-species splits known and it is likely that the glacial cycles contributed to or 

completed the speciation of these two taxa (Lovett, 2005; Weir and Schluter, 2004). 

Combining these different lines of evidence, we proposed that Troglodytes troglodytes 

pacificus be elevated to species status, Troglodytes pacificus, and suggested the common 

name the "Pacif ic wren". 

Based on preliminary data suggesting the two are ecologically very similar, and 

research in other avian systems that suggest premating isolation plays an important role 

in reproductive isolation in birds (Price and Bouvier, 2002), I predicted that behavioural 

isolation is a likely barrier to gene flow in this system. In this concluding chapter I would 

like to expand the rationale for this prediction, propose other potential barriers to gene 

flow including their l ikelihood of being present in the winter wren system, outline recent 
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research into the genetic basis of these barriers, and comment on potential areas of future 

research. 

The preponderance of prezygotic isolation mechanisms involved in the 

reproductive isolation of avian taxa allows for rapid speciation, but also because of the 

slow development o f intrinsic postzygotic isolation in birds, for continued hybridization 

between divergent taxa (Grant and Grant 1997; Price and Bouviuer 2002). This means 

that while detecting the underlying genes and traits responsible for speciation requires 

sensitive field and lab methods, phenotypes under divergent ecological or sexual 

selection are likely differentiated at only a small number of loci (Edwards 2005). 

Research into the genetic basis of avian speciation has been greatly advanced with 

modern theory and molecular tools, and this has lead to exciting developments in our 

understanding of the traits involved in this process. 

Interestingly, speciation in avian systems proceeds in a fashion unlike other well-

studied systems, which fol low closely the predictions of Haldane's rule. This rule posits 

that reduced hybrid fitness between incipient species is likely to affect the heterogametic 

sex (females in birds) before the homogametic sex (Haldane 1922). In Drosophila, for 

example, male sterility is often the first to evolve followed by male inviability, then 

female sterility and female inviability, as fruit flies have an X Y sex-determinate system 

and males are heterogametic (Coyne and Orr, 2004). Av ian systems, in contrast, proceed 

with female sterility evolving first, which is subsequently followed by male sterility, then 

female inviability and male inviability (Price and Bouvier, 2002). Thus, the appearance 

of male sterility before the inviability of the heterogametic sex in birds (females) has 

implicated a role for some type of modulator of Haldane's rule. W u and Davis (1993) 
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proposed that strong sexual selection on reproductive genes could be a potential 

candidate as this modulator. Specifically, if there is rapid evolution in genes underlying 

reproductive traits and displays via strong sexual selection, then this is likely to 

disproportionately affect males, in opposition to Haldane's rule, and has been proposed as 

a mechanism to explain the early onset of male sterility. 

Empirically demonstrating strong sexual selection on reproductive traits by 

assessing hybrid fitness costs has been difficult in birds, as most hybrids show little 

evidence of intrinsic fitness loss. Recent work into post-mating isolation mechanisms in 

Ficedula flycatchers, however, has supported theory implicating strong sexual selection 

on reproductive traits (Saetre et al, 2002; Borge, et al, 2005; Backstrom et «/.,2006). 

This conclusion was drawn from a correlation between reproductive traits occurring on 

the Z-chromosome, which is thought to be rich in genes coding for secondary sexual 

characteristics birds, to fitness in hybrids with hybrid sex chromosomes (Saetre et al, 

2002). Fitness estimates showed that all females with a hybrid sex chromosome genotype 

were sterile, while 27% of males heterozygous at Z were sterile (Saetre et al, 2002). 

Subsequent studies in this system found that Z-chomosome genes were unable to move 

across the hybrid zone, indicating strong selection on genes on this chromosome (Saetre 

et al, 2002). 

Without substantial hybridization between T. (t.) pacificus and T. troglodytes it is 

difficult to apply these types o f methods to determine i f genes on the Z-chromosome 

were disproportionately under selection while these two forms were isolated. A study 

comparing genetic variation at Z-linked loci and autosomal loci in allopatric populations 

of both species of Troglodytes could provide a crude linkage map (autosomal or sex-
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linked), but numerous hybrids and backcrosses would be required to accurately associate 

genotype with phenotype in this system (Borge, et al., 2005). A more fruitful approach to 

addressing genes and traits potentially responsible for post-zygotic isolation in a non-

model system like Troglodytes would be to characterize genes or traits thought to be good 

candidates for divergent selection. 

One such trait thought to contribute to isolation between diverging avian taxa, 

straddling the grey area between an ecological and behavioural trait, is seasonal 

migratory behaviour. Classic studies into the migratory directionality of hybrid crosses 

between divergent populations of blackcaps in Europe, for example, which have differing 

migratory directions, show that first generation hybrids express an intermediate migratory 

route (Helbig, 1996). Studies also have found that this complex behavioural trait can 

diverge in a very short period (Berthold et al., 1992) and that it is l ikely controlled by a 

few genes of large effect (Pulido, 2007). This has subsequently led researchers to 

evaluate migratory divides between taxa with divergent migratory routes as potential sites 

for speciation, where selection against hybrids with intermediate migratory routes 

reinforces premating isolation (Irwin and Irwin, 2005). While theory has demonstrated 

that these dynamics are able to contribute to speciation, empirical evidence from natural 

systems is scarce. Studies have relied primarily on isotopic signatures of hybrids to 

determine wintering location, which is not necessarily indicative of migratory route. 

Studies of flycatchers or wi l low warblers indicate that migratory routes of hybrids are not 

intermediate between parental types, and instead have wintering locations characteristic 

of one or the other parental types (Bensch et al., 2006; Veen et al., 2007). 
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The two species o f Troglodytes in the present study have disjunct wintering 

grounds and likely have very different migratory routes, although little research has been 

done into the migratory behaviour of this taxa. The finding in chapter 3 of a single hybrid 

individual during spring indicates that at least some after hatch year birds manage to 

return to the breeding grounds, although it is unclear whether this individual showed any 

intermediacy or inferiority in migratory behaviour as compared to the parental 

individuals. Thus, while I suspect that migratory differences contribute to reproductive 

isolation between T. troglodytes and T. (t.) pacificus, and should be addressed in future 

work, it is more likely that other factors, such as song, play a larger role. 

Song has the ability to evolve between diverging populations of birds rapidly 

because of the stochastic properties of cultural inheritance (Grant and Grant, 1996; Payne 

1996). Changes produced v ia the process of "cultural drift", for example, analogous to 

genetic differences arising from random genetic drift, can change song characteristics 

over a short period of time. It is thought that dramatically different songs of insular forms 

of birds, for example, as compared to their mainland relatives, may be a result of the 

sampling effect from a small number of founders (Baker et al., 2006). In addition to drift

like processes acting on song, habitat-dependent selection has also been found to 

contribute to differences in song in isolated populations. A s habitats differ in the density 

and type of vegetation, song is subject to differing selection pressures in which sounds 

travel better or degrades as it moves through the physical environment (reviewed in 

Slabbekorn and Smith, 2002). Lower frequencies, for example, while having less 

directionality than high frequency sounds, travel better in dense vegetation and are more 

closely associated with forest-dwelling species (in Slabbekorn and Smith, 2002). 
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The understanding of the genetics of birdsong has advanced rapidly with the 

evolution of genomic resources and molecular methods. Localization of song production 

centers in brains o f zebra finches has allowed researchers to begin to unravel some of the 

genetic architecture involved in this trait. Recent studies show that during times of song 

plasticity, for example, the gene FoxP2 is upregulated in a region of the songbird brain 

essential for song learning (Haesler et al, 2004). Mutant forms of this highly conserved 

gene in humans are also associated with a disorder that affects both the comprehension of 

language and its production, which was what initially directed researchers to explore it's 

role in songbirds (Wolfgang et al, 2002). While no correlation in sequence variation has 

been observed between avian song learners and non-song learners, important expression 

studies have yet to be performed comparing these two groups (Webb and Zhang, 2005). 

The differences observed between T. troglodytes and T.(t.) pacificus songs and 

repertoires are l ikely due to a combination of cultural and genetic factors. Differences in 

individual song characteristics, for instance, can probably be attributed to a mixture 

habitat-dependent selection and female mediated sexual selection. During geographic 

isolation, eastern and western populations may have had differing selection pressures for 

frequencies suited to their own habitats, raising or lowering the prevalence of certain 

frequencies with better or worse transmission properties. In addition, females may have 

evolved differing preferences for certain notes or song deliveries, maybe preferring more 

or less trills during singing, for example. Given the differences in repertoire size between 

T. troglodytes and T. (t.) pacificus it is also likely that there has been strong selection on 

genes such as FoxP2 and others responsible for song learning in T. (t.) pacificus, with 

individuals in this species having dramatically more notes and songs in their repertoire. 
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Interesting insights into what proportion of these differences in repertoire size are genetic 

and learned could be addressed in future studies with lab raised animals, where one could 

test i f T. troglodytes individuals have the ability to learn T. (t.) pacificus type songs and 

repertoires and visa versa. 

Finally, differentiation in habitat preference on the breeding ground could be 

responsible for the lack of geneflow between these species in secondary contact. As 

species are isolated to different habitats they wi l l , over evolutionary time, adapt to those 

environments (Schluter, 2001). If habitat dependent selection is strong enough, then these 

isolated populations may have diverged enough in their niches they are unlikely to 

compete for resources if and when they come into secondary contact. Selection on beak 

size and shape in Darwin's finches, for example, meant that populations isolated to 

islands with differing environments and resources no longer competed for resources in 

secondary contact, and were able to coexist in sympatry (Grant and Grant, 1997). 

Subsequent molecular work on these finches reared in the lab has discovered the gene 

Bmp4 expressed in the cascade responsible for the large beak sizes of Geospiza 

magnirostris and has been proposed as a likely candidate for beak diversity in this system 

(Abzhanov et al., 2004). 

While it is difficult to exhaustively demonstrate ecological similarities between 

two taxa* I have several lines of evidence suggesting that it is unlikely T. troglodytes and 

T. (t.) pacificus have substantially diverged ecologically. This is primarily based on the 

observation that the two prefer similar habitats for territories in the sympatric 

populations. In fact, I have observed T. (t.) pacificus individuals inhabiting territories that 

were occupied by T. troglodytes during the previous breeding season. This, combined 
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with the observation of interspecific territoriality in response to song playbacks, indicate 

that while individuals in sympatry may not be competing for mates, they may still be 

competing for resources. Future research could further explore the ecological differences 

between these two species by identifying micro-scale habitat preference or by quantifying 

isotopic signatures of individuals in the sympatric populations, to see i f there is any fine-

scale differentiation not detected by our preliminary assessment. 

In conclusion, the evolutionary dynamics we have observed between divergent 

forms of winter wren has allowed for a unique perspective on avian contact zones as well 

as insights into the important processes involved in the evolution and maintenance of 

biodiversity. More importantly, by integrating our understanding of the dynamics this 

contact zone with other songbird species that share similar biogeographic history in a 

comparative approach, such as the recently discovered overlap areas between 

Macgillivray's/Mourning warblers and Townsend's/B lack-throated green warblers near 

the sympatric population of winter wrens (Irwin and Toews, unpublished data), then this 

wi l l hopefully one day facilitate generalizations about the process o f speciation. Not only 

wi l l this enable a better understanding of the^mechanisms involved in reproductive 

isolation, but also better equips researchers to protect the evolutionary potential of 

lineages for the future by recognizing the processes that went into their formation. 
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