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ABSTRACT 

 

Phenotypic traits that vary geographically within species are commonly assumed 

to represent local adaptations to different environments. In order for local 

adaptation to evolve by natural selection, three conditions must be met: (1) traits 

must vary geographically, (2) local variants of traits must provide a fitness 

advantage (increased survival or reproductive success) within the local 

environment, and (3) local variants of traits must be heritable. In chapter two, we 

review evidence for local adaptation in birds. Geographic variation among 

populations is nearly ubiquitous, yet experimental tests of the fitness advantages 

of local trait variants are rare among populations of birds, presumably because of 

the difficulties in transporting individuals between populations. Thirty-seven 

studies have tested the heritability of among population variation in traits. 

Thirty-three of the 37 studies found some degree of heritability of variation 

among populations, consistent with traits diverging in response to natural 

selection. In chapter three, we experimentally test the fitness consequences of 

divergent nest morphologies of Yellow Warblers (Dendroica petechia) using 

reciprocal nest transplant experiments between a temperate and subarctic site in 

Canada. Yellow Warblers breeding at our subarctic site build larger nests 

constructed with more insulative materials than Yellow Warblers breeding at our 

temperate site, and these differences are the result of different nest building 

behaviours. Temperate nests transplanted to subarctic sites experienced 

significantly colder temperatures, and tended to suffer higher egg and nestling 

mortality due to climatic conditions (cold temperatures), than locally 

transplanted subarctic nests. Adult females breeding in subarctic sites that 
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received temperate nests changed their incubation behaviours by taking shorter 

recesses than females who received locally transplanted subarctic nests. In 

contrast, subarctic nests transplanted to our temperate site showed no changes in 

nest temperature, fledgling success, or parental behaviour during incubation. 

While our transplant experiments provide little evidence of direct fitness 

benefits, we suggest that divergent selective pressures acting on Yellow Warblers 

in subarctic and temperate environments results in different nest building 

behaviours. Cold temperatures in our subarctic site likely favour increased 

investment in larger, insulative nests, whereas warmer temperatures at our 

temperate sites likely favour reduced investment in nest building, and 

consequently smaller nests.  
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CHAPTER 1.  

 

GENERAL INTRODUCTION 

 

Geographic variation in phenotypic traits of organisms is ubiquitous in nature. 

The principal cause of most geographic variation in phenotypic traits is believed 

to be evolution by natural and sexual selection, where selection pressures vary 

geographically (Darwin 1859, Mayr 1963, Endler 1986). Despite this widespread 

belief, the selective pressures responsible for generating geographic diversity in 

traits, and the modes of inheritance required for traits to evolve by selection, 

remain poorly understood (Kawecki and Ebert 2004). Understanding both the 

selective pressures responsible for geographic variation in traits and their modes 

of inheritance is important because variation in these traits include local 

adaptations that enable populations to persist in diverse environments (Endler 

1986). In addition, understanding the basis of local adaptations will be critical for 

predicting how quickly organisms can respond to changes in their environment, 

including those caused by humans. Variation among geographically separated 

populations also forms the early stages of most speciation events and is thus 

central to the formation of species diversity (Coyne and Orr 2004).  

The propensity for the evolution of local adaptations has long been 

viewed as a consequence of the opposing forces of divergent selection and 

homogenizing gene flow (Slatkin 1987). Early theoretical work suggested that 

low levels of gene flow among populations could effectively stifle the evolution 

of most local adaptations, even if divergent selection was moderately strong and 

variation in the trait had a high degree of heritability (Wright 1931, see Slatkin 
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1985). These results suggested that heritable adaptations would rarely evolve 

among populations occurring in close proximity to each other, or among 

populations of highly mobile organisms. Studies in a diversity of taxa, however, 

challenged this idea that local adaptations could only evolve under conditions of 

very low gene flow. Studies of plants illustrated that local adaptations could 

evolve under exceptionally high levels of gene flow if divergent selection was 

very strong (McNeilly and Antonovic 1968, Nagy and Rice 1997). Subsequent 

studies provided empirical evidence of local adaptations evolving among 

adjacent populations (Vaughn and Antolin 1998, Blondel et al. 2006, Badyaev et 

al. 2008, Vos et al. 2009), among populations with very high levels of gene flow 

(Postma and Noordwijk 2005), and under conditions of moderate selection and 

variable heritabilities of traits (Shapiro et al. 2006). Recent studies have even 

demonstrated the rapid evolution of local adaptations among populations of 

recently introduced species that exhibit high gene flow and limited genetic 

variation (e.g., Gilchrist et al. 2001, Montague et al. 2008). Taken together, these 

studies emphasize that adaptive phenotypic variation between populations is not 

restricted to widely separated populations or to sessile organisms, and thus may 

be more widespread and biologically important than previously thought. 

Here we review evidence for local adaptations in birds, a group that has 

historically provided important insights into evolutionary biology (Darwin 1859, 

Mayr 1942, 1963). Birds provide an interesting group to examine local adaptation 

for several reasons. First, birds represent one of the most studied groups of 

organisms from the perspective of taxonomy, distribution, and geographic 

variation that together provide a broad basis and context for the study of 

population differentiation. Second, birds inhabit almost every ecosystem in the 
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world, with many species occupying broad geographic distributions and 

experiencing a diversity of selection pressures that favor locally adapted traits. 

Third, bird populations exhibit a broad range of dispersal behaviors, ranging 

from nomadic species that move thousands of kilometers and breed in new 

locations annually, to sedentary species that refuse to cross narrow habitat gaps 

or rivers. This broad variation in dispersal and gene flow will allow examination 

of the propensity for local adaptations to evolve under varying degrees of gene 

flow.  

While some characteristics of birds make them of particular interest for 

the study of local adaptations, many of the same characteristics pose significant 

challenges to studying local adaptations. Many bird species are highly mobile 

and difficult to track through time and space, making estimates of fitness-related 

traits such as survival and lifetime reproductive success extremely challenging. 

Similarly, birds present logistical hurdles to assessing heritability of traits using 

common garden or transplant experiments, particularly in species that are 

difficult to keep in captivity. Despite these challenges, many studies have 

examined population differentiation and local adaptation in birds (Price 2008, 

Merilä and Sheldon 2001), and these studies provide valuable insights into the 

evolution of local adaptations in nature. 

 

WHAT IS LOCAL ADAPTATION? 

We define local adaptation as a heritable, geographically-restricted trait that 

increases the fitness of individuals within the local environment (Kawecki and 

Ebert 2004). Local adaptations include traits that vary among populations within 

or among species, however we examine local adaptations only within species 
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(Kawecki and Ebert 2004). In order for organisms to evolve local adaptations 

through natural selection, three conditions must be met (Darwin 1859, Endler 

1986). First, there must be variation in a trait upon which selection can act. 

Second, the local variant of the trait must receive a fitness advantage in the local 

environment. And third, local variants of traits must be heritable, transmitted 

from parents to their offspring. There are several mechanisms by which traits 

may be passed on to subsequent generations (e.g., genetically [Merilä and 

Sheldon 2001], socially [Freeberg 2000], through maternal effects [Mousseau and 

Fox 1998, Bernardo 1996], or epigenetic effects [Bollati and Baccarelli 2010]). 

Because social learning, and maternal and epigenetic effects can effectively pass 

on variable traits to subsequent generations, we consider all of these modes of 

trait transmission as suitable mechanisms of heritability consistent with local 

adaptation. This broad interpretation of heritability is consistent with some 

views of adaptation (West-Eberhard 1992, Lande 2000), but not others (Endler 

1986). Below, we briefly outline non-genetic mechanisms of inheritance.  

 

NON-GENETIC MECHANISMS OF INHERITANCE 

Social learning of traits is a means of passing on learned behaviours, usually 

from parent to offspring. In the case of local adaptations, these behaviours must 

be somewhat consistent through time and specific to local populations (Freeberg 

2000). Perhaps the best example of geographically variable, socially learned traits 

in birds involves song dialects, where young birds in some species (e.g., oscine 

passerines) learn local songs from experienced adult tutors. Socially learned 

traits, like songs, have the potential to mutate with errors in the learning process, 

and new variants in the trait can spread rapidly through a population, 
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particularly if traits are preferentially learned from a few dominant or successful 

individuals (Payne 1981).  

Imprinting represents another form of social learning where a variable 

trait may be transmitted to the next generation without tutoring by other 

animals. A common example of imprinting is that of sexual imprinting, where 

young birds use their parent’s phenotype to recognize, pair, and mate with 

members of their own species (Irwin and Price 1999, Slagsvold et al. 2002). While 

sexual imprinting is commonly observed in birds (Irwin and Price 1999), 

imprinting as a mechanism of inheritance for other traits (e.g., nest building) is 

also plausible. 

Maternal effects represent a non-genetic contribution from mothers to the 

phenotypic traits of their offspring, independent of learning by offspring. 

Examples of maternal effects in birds include phenotypic variation in offspring 

caused by differences in the yolk content of eggs, differences in maternal 

provisioning (e.g., food or feeding rates), or other differences in the maternal 

treatment of offspring (e.g., shading or protection of eggs and nestlings) 

(Mousseau and Fox 1998, Bernardo 1996). Several maternal effects are well 

documented in birds, such as the differential deposition of hormones that vary 

with the order in which eggs are laid (Schwabl 1993, Schwabl et al. 1997). This 

differential deposition of hormones can have broad effects on the phenotypes of 

the offspring, potentially influencing offspring behaviour, growth rates, and 

fitness (Schwabl 1993, Sockman and Schwabl 2000, Hayward et al. 2006, Hinde et 

al. 2009). Maternal effects can also extend to include broader parental effects on 

offspring phenotype. For example, females may settle in food-rich habitats or 

choose high quality males that provide good parental care, and these female 
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behaviors can directly affect the expression of phenotypic traits in offspring 

(Price 1998). The contribution of maternal effects (e.g., habitat selection, egg 

content, and parental care) to the phenotypic traits of offspring can be difficult to 

isolate and measure, but nonetheless maternal effects could underlie important 

among population variation in adaptive traits.  

Epigenetic inheritance represents heritable, non-genetic changes in gene 

expression that ultimately affect phenotypic traits (Bollati and Baccarelli 2010, 

Rakyan and Whitelaw 2003). Epigenetic effects on phenotypic traits are thought 

to result primarily from DNA methylation (the addition of methyl groups to 

DNA), or from changes (e.g., methylation, acetylation) to chromatin proteins, 

especially to the tails of Histone 3 and 4 (Bollati and Baccarelli 2010). Epigenetic 

modifications are thought to change the frequency of gene transcription (e.g., 

promote or silence the transcription of genes), and also to increase genome 

stability by preventing the movement of transposable elements within the 

genome (Teixeira and Colot 2010). Epigenetic effects on phenotypic traits have 

been described in mammals (Morgan et al. 1999) and plants (Teixeira and Colot 

2010), but their role in evolution remains controversial (Ptashne 2007). 
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CHAPTER 2. 
 

EVIDENCE FOR LOCAL ADAPTATION WITHIN SPECIES OF BIRDS  

 

Here we review evidence of local adaptation in birds, focusing on evidence for 

local adaptation within species. The organization of our review parallels the 

three requirements for the evolution of local adaptation outlined above: 

geographic variation, fitness advantages of local variants, and heritability of 

variation. We explore geographic variation within the context of trait function, 

using well-documented examples to illustrate patterns, rather than providing a 

comprehensive review. We then review all studies that have documented fitness 

advantages of local variants in birds, including studies that use several different 

methods. Finally, we review and synthesize studies of heritability by asking: 1) 

does genetic heritability of traits correlate with geographic distance between 

populations?, 2) are some traits more genetically heritable than others?, and 3) 

are there examples of non-genetic modes of inheritance that maintain divergent 

phenotypic traits between populations of birds?  

 

GEOGRAPHIC VARIATION 

Perhaps no other observation has played as significant a role in inspiring 

research and developing the underpinnings of evolutionary theory as that of 

geographic variation in phenotypic traits (Darwin 1859, Wallace 1878, Mayr 1942, 

1963). In birds, studies of geographic variation in phenotypic traits have focused 

on plumage and morphology because these traits have served as important 

characters for avian taxonomy (see James 1970, Zink and Remsen 1986 for 
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reviews). However, most phenotypic traits (in addition to plumage and 

morphology) vary geographically among populations of birds, and local variants 

of geographically variable traits are commonly interpreted as adaptive. Here, we 

try to illustrate the breadth of trait variation by highlighting studies that describe 

diverse, geographically variable traits found in birds.  

Metabolic rates. Studies of geographic variation in metabolic rates of 

birds show a consistent pattern of slower metabolic rates at low latitudes/ 

warmer regions compared to populations inhabiting higher latitude/colder 

regions (Wikelski et al. 2003, Broggi et al. 2004). Broggi et al. (2004) compared 

winter metabolic rates of Great Tits (Parus major) from a southern site in Sweden 

and a northern site in Finland, separated by 10° of latitude. Tits from each 

location increased their metabolic rates as temperatures decreased, but tits from 

the northern site of Finland had higher metabolic rates in all trials compared to 

tits from Sweden. The consistent relationship between higher metabolic rates in 

colder regions across multiple species of distantly related birds suggests that cold 

temperatures favour high metabolic rates. 

Molt biology. Several studies have described geographic variation in the 

timing, duration, and intensity of feather molt among populations (Serra 2001, 

Voelker and Rohwer 1998, Ryder and Rimmer 2003). For example, Ryder and 

Rimmer (2003) compared the timing and duration of the fall molt of Yellow 

Warblers breeding in two north-temperate sites: James Bay, Ontario, and 

Vermont, USA. These two sites are separated by 8° of latitude with James Bay 

being the furthest north. Yellow Warblers in James Bay started molting later in 

the season, but took less time to complete their molt, compared with those in 
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Vermont. Differences in the timing and duration of molt may result from strict 

time constraints on breeding and molting at higher latitudes, where the onset of 

cold weather and declining food resources occurs in late summer. 

Nest morphology. Several studies have documented geographic variation 

in nest size and composition (Kern 1984, Kern and van Riper 1984, Briskie 1995). 

Typically, birds breeding in colder regions build larger, better insulated nests. 

Kern and van Riper (1984) compared nests of the Hawaiian Honeycreeper, 

Hemignathus virens viren among populations and showed that individuals 

breeding in colder, high elevation sites constructed bulkier nests that were lined 

with insulative sheep-wool. In contrast, H. v. viren breeding in warmer, wetter, 

low-elevation sites built smaller nests that did not retain water and also lacked 

an insulative lining. The pattern of large insulated nests in cold environments 

across several species of birds suggests that geographic variation in bird nests is 

adaptive. 

Clutch size. Striking geographic variation in clutch size exist among most 

species of birds that breed in temperate and tropical latitudes (Lack 1967). 

Typically, populations breeding in low latitudes lay smaller clutches than those 

breeding in northern latitudes (Lack 1967, Young 1994, Salgado-Ortiz 2008). For 

example, House Wrens (Troglodytes aedon) breed throughout much of North, 

Central and South America and show strong differences in clutch sizes among 

breeding sites (Young 1994). At the equator, clutch size averages 3 eggs, whereas 

at higher latitudes in both North and South America, clutch size averages 5–7 

eggs. Geographic patterns of clutch size are thought to be caused by differential 

mortality of nestlings and adults, and variation in the likelihood of future 

breeding events (Jetz et al. 2008).  
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Migratory distance and orientation. While many species of birds 

breeding in temperate and high latitude regions migrate long distances, the 

duration, distance, and orientation of migration show great geographic variation 

within species (Berthold and Querner 1981, Helbig 1991, Serra 2001). In 

Blackcaps (Sylvia atricapilla), individuals breeding furthest from their winter 

range migrate longer distances and for longer durations, than those breeding in 

close proximity to their winter ranges (Berthold and Querner 1981). Additionally, 

Blackcaps that breed throughout Europe and winter in northern or eastern Africa 

show distinct southwest (SW) or southeast (SE) orientations for migration 

(Helbig 1991). These different migratory routes are thought to be adaptive, 

alternate directions to avoid obstacles (e.g., the Alps, Mediterranean Sea, and 

much of the Sahara desert) to migration in Blackcaps (Helbig 1991). 

Song and singing behaviour. Many species of songbirds show geographic 

variation in their songs and singing behaviours (Krebs and Kroodsma 1980, 

Kroodsma and Canady 1985, Badyaev et al. 2008). Male Marsh Wrens 

(Cistothorus palustris) show striking variation in repertoire size, singing patterns, 

and forebrain size between New York and California, USA. New York males 

have smaller song-control nuclei in the forebrain, smaller song repertoires, and 

sing less diverse repertoires compared to California males. If regionally distinct 

songs and singing behaviours represent adaptive differences, the underlying 

selective pressures (e.g., female choice, sound transmission for mate attraction) 

that favour these differences remain elusive. 

Timing of reproduction. Reproduction in birds often coincides with peak 

food abundance (Lack 1967), and frequently varies geographically within 

species. Studies of Blue Tits (Parus caeruleus) in mainland France and 
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Mediterranean islands show that individuals nesting in deciduous oak forest 

breed about one month earlier than individuals nesting in evergreen oak forest 

(Blondel et al. 2006). Similarly, equatorial populations of Rufous-collared 

Sparrows (Zonotrichia capensis), separated by only 25 km, show marked 

differences in breeding phenology (Moore et al. 2005). In both of these examples, 

the study populations breed in different habitats that differ in their plant and 

insect phenologies. The differences in timing for breeding between populations 

appear to correspond with local differences in the peaks of food abundance 

(Moore et al. 2005, Blondel et al. 2006).  

Immune function. Avian immune function varies geographically in some 

species of birds. Martin et al. (2004) compared immune function in populations 

of House Sparrows (Passer domesticus) occurring in Panama and New Jersey, 

USA, and found stable immune function activity in wild Panamanian House 

Sparrows, but seasonally fluctuating immune activity in New Jersey House 

Sparrows. These geographic differences in immune function are thought to 

represent different life history strategies between temperate and tropical 

populations of House Sparrows (Martin et al. 2004). 

Mass of plumage feathers. Bird species that overwinter in cold regions 

may produce more feathers to reduce heat loss and help conserve energy. In his 

study of geographic variation of European Starlings (Sturnus vulgaris) in the 

USA, Blem (1981) found clinal variation in winter plumage mass, with heavier 

plumages (presumably resulting in greater amounts of feathers or heavier, 

higher quality feathers) in northern latitudes, and lighter plumages in southern 

latitudes. 
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Incubation period. The duration of incubation varies geographically, 

likely in response to different ambient temperatures, egg sizes, and incubation 

behaviours between populations. Robinson et al. (2008) examined incubation 

periods in House Wrens (Troglodytes aedon) breeding in Panama and Illinois, 

USA. In Panama, incubation typically last 14 days while in Illinois incubation 

ranges from 12.2–12.8 days. These differences in incubation period correspond to 

differences in the rates of embryo development between locations (Robinson et 

al. 2008). 

Mating strategies. Geographic variation in mating strategies is well 

documented for shorebirds. For example, Sanderlings (Calidris alba) breeding in 

the Canadian arctic are often polygamous (Parmelee and Payne 1973) while those 

breeding in eastern Greenland are monogamous (Pienkowski and Green 1976). 

Similarly, mating systems in Buff-breasted Sandpipers (Tryngites subruficollis) 

appear to vary between lekking and resources defense polygyny, depending on 

the population (Carter and Lyon 1988). These different mating systems are 

thought to represent adaptive differences that correspond to limiting resources 

(e.g., mates, territories) that differ between breeding locations. 

Nest sites. Hermit Thrushes breeding east of the Rocky Mountains 

typically place their nests on the ground whereas those breeding west of the 

Rockies typically nest above ground (Jones and Donovan 1996). While the cause 

of this variation (e.g., drift, availability of nest sites, selection on parents) remains 

unknown, several studies suggest that within population variation of nest 

placement is adaptive (Ricklefs and Hainsworth 1969, Tidemann and Marples 

1988, Martin and Roper 1989).  
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Associations with other species. Species interactions are widespread in 

nature, and may result in benefits or costs to the species that interact together. 

An interesting case of geographic variation in species interactions is that of the 

Greater Honeyguide (Indicator indicator) and human honey-gatherers in Kenya 

(Isack and Reyer 1989). In areas where the tradition of collecting honey still 

exists, Greater Honeyguides help lead honey gatherers to bee hives, whereas in 

areas where gathering honey is no longer common, Greater Honeyguides no 

longer lead humans to bee hives (Isack and Reyer 1989).  

  

These examples of geographically variable traits highlight the extent of 

geographic variation in nature and the diversity of traits that vary geographically 

among bird populations. Several factors may cause geographic variation in traits 

among populations, including environmental variation (e.g., differences in diet), 

natural and sexual selection, and genetic drift. Yet most researchers suggest that 

most traits vary geographically in response to divergent selection (Price 2008). If 

geographic variation in traits reflects evolution by divergent selection, then we 

expect local variants of a trait to show a fitness advantage in their local 

environments. Below, we review evidence for the fitness advantages of local 

traits. 

 

FITNESS ADVANTAGES 

Traditionally, geographic variation has been interpreted as advantageous and 

heritable, and thus a consequence of divergent selection between locations that 

favours trait specialization (Mayr 1963, Gould and Johnson 1972). When inferring 

the fitness advantages of geographically variable traits, most studies correlate 
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geographic variation in the phenotypic trait of interest with geographic variation 

in the environment, and interpret a significant correlation as evidence that 

geographically variable traits are local adaptations to the correlated 

environmental conditions. However, inferring fitness advantages to variable 

traits using correlative measures is problematic. A positive correlation between a 

trait and an environmental variable does not allow the exclusion of alternative, 

unmeasured selective pressures that may also differ between populations and 

ultimately cause the evolution of differences in the trait. Additionally, 

correlations between an environmental variable and variation in a trait do not 

allow the exclusion of other evolutionary mechanisms that could ultimately 

cause trait variation, such as plasticity, drift, or genetic linkage with another trait 

(Endler 1986). Ultimately, experiments that allow the examination of 

geographically variable traits in different environments (e.g., transplant 

experiments) provide the strongest tests of fitness consequences for geographic 

variation in traits. 

Overall, four methods are commonly used to estimate the fitness 

advantages of traits that vary geographically: (1) reciprocal transplant 

experiments, (2) measurements of similar selective pressures across varying 

environments, (3) measurements of different selective pressures in different 

environments, and (4) comparative studies showing repeated evolution of traits 

in response to the same selective pressures. Below, we review studies that assess 

fitness advantages of geographically variable traits based on these different 

methods. We also briefly discuss the difficulties of comparing measures of FST 

and QST to infer adaptive phenotypic evolution, and the challenges associated 
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with assessing fitness benefits of sexually selected traits like plumage colour and 

song.  

(1) Transplant experiments. Transplant experiments are commonly used 

in plants to estimate the relative fitness of local and non-local variants within a 

local environment (e.g., Clausen et al. 1940), but these experiments are much 

more difficult to perform in birds. Eight studies of birds conducted transplant 

experiments (four reciprocal, and four uni-directional), but none of these studies 

estimated the fitness consequences of trait variation across environments (Table 

1). The primary goal of these transplant studies was to assess the heritability of 

geographic variation. Reciprocal transplant experiments provide the strongest 

tests of fitness advantages of local traits (Kawecki and Ebert 2004), and thus the 

absence of transplant experiments that estimate fitness in birds is unfortunate. 

(2) Similar selection across varying environments. Some of the best 

evidence for the fitness benefits of local traits comes from Blondel and colleagues 

who have spent the past 30 years examining the timing of reproduction and 

other morphological traits of Blue Tits in a mosaic of habitats in mainland France 

and the Mediterranean island of Corsica (Blondel et al. 1990, Lambrechts and 

Dias 1993, Blondel et al. 1999, see Blondel et al 2006 for a review). In both 

mainland and island sites, tits breeding in deciduous oak forest nest earlier than 

tits in evergreen oaks, coincident with the timing of the spring flush of 

caterpillars that differed between oak-forest types. The fitness advantages of 

synchronizing reproduction with peak food abundance are numerous; parents 

expend less energy foraging to provision their offspring, have higher survival, 

and typically have higher reproductive success in subsequent years compared 

with pairs that mismatch breeding and peak food abundance (Thomas et al. 
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2001). Additionally, other studies in ecologically similar and closely related Great 

Tits (Parus major) have shown that nestlings grow at slower rates and fledge with 

lighter masses when food is scarcer (e.g. when breeding is not synchronized with 

food availability) and that low fledgling mass results in lower survival (Perrins 

1965, Tinbergen and Boerlijst 1990). Because of strong selection for synchronizing 

breeding with peak food availability, most studies interpret geographically 

different breeding schedules as advantageous, phenological matching between 

different breeding sites (Partecke et al. 2004, Moore et al. 2005, Krogstad et al. 

1996).  

(3) Different selection pressures across environments. Several studies 

have documented different selective pressures in different environments to 

assess fitness advantages of traits that vary between populations (Benkman 1993, 

2003, Mumme et al. 2006, Badyaev et al. 2008). Mumme et al. (2006) examined 

geographic variation in tail plumages of Slate-throated Redstarts (Myioborus 

miniatus) within a single population in Costa Rica. Slate-throated Redstarts are 

insectivorous birds that use their contrasting white and black tail feathers to 

startle and flush-out insect prey from vegetation. The amount of white in tail 

feathers varies from little white in northern populations (northern Mexico) to 

almost equal ratios of white to black in southern populations (equatorial South 

America). Using a single population in Costa Rica, Mumme et al. (2006) 

experimentally increased or decreased the amount of white in the tail feathers to 

levels similar to other populations, and showed that individuals manipulated to 

match the degree of tail white in other populations had reduced foraging 

efficiency compared with controls that received tail manipulations that matched 

the local, Costa Rican population. Foraging efficiency likely influences both 
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survival and reproductive success, and thus these results strongly suggest that 

geographically variable tail plumages provide fitness advantages under local 

conditions. 

Both Badyaev et al. (2008) and Benkman (1993, 2003) documented 

different selective pressures in different environments using survival curves. 

Specifically, these authors estimated the survival of individuals and their 

corresponding bill morphologies within populations, and then compared the 

relationships between survival and bill morphology among populations.  

Badyaev et al. (2008) examined population differentiation of House 

Finches (Carpodacus mexicanus) between desert and urban environments in 

Arizona, USA. House Finches inhabiting urban areas typically had larger, wider 

bills compared with those inhabiting desert environments. These differences in 

bill morphologies are thought to be related to different diets, with urban House 

Finches eating more sun flower seeds from bird feeders and desert House 

Finches eating smaller, wild grass and cactus seeds (Badyaev et al. 2008). 

Comparing survival estimates of marked House Finches, Badyaev et al. (2008) 

showed divergent selection acting on bill morphology between habitats. In urban 

areas birds with longer, wider bills had higher annual survival, while in desert 

areas birds with shorter bills had higher annual survival (Badyaev et al. 2008). In 

addition to survival curves, longer, wider bills coincided with greater bite force 

in urban finches, consistent with a diet of larger sunflower seeds in this habitat. 

While differences in diet appear to favour divergent bill morphologies, song 

characteristics between these populations are also diverging, possibly as a 

secondary response to different bill morphologies. Songs of larger-billed urban 

finches tend to have fewer notes, fewer trills and a broader frequency range in 
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comparison to desert finches (Badyaev et al. 2008). In urban areas, where 

background noise can drown-out avian song and reduce the distance of song 

transmission, high frequency songs should be favored because they travel farther 

then low frequency songs (Slabbekoorn and Smith 2002). As a sexually selected 

trait, song has the potential to evolve very rapidly. Thus, if song is associated 

with bill morphology, as suggested by Badyaev et al. (2008), differences in song 

could speed the evolution of divergent bill morphologies between habitats. 

In his studies of divergent bill morphologies of Red Crossbills (Loxia 

curvirostra), Benkman (1993, 2003) examined fitness advantages of local 

phenotypes using a variety of approaches. Crossbills have unique bill 

morphologies where mandible and maxilla are off-set and their tips cross each 

other, rather than meet at a point. This unique bill morphology allows crossbills 

to separate scales of conifer cones to extract seeds. Variation in bill morphology 

among populations of crossbills correlates closely with conifer species and their 

corresponding cone sizes; small-billed crossbills typically feed on conifers that 

produce small cones (e.g. Western Hemlock, Tsuga heterophylla) whereas large-

billed crossbills feed on conifers that produce large cones (e.g. Ponderosa Pine, 

Pinus ponderosa). Using captive birds and foraging experiments, Benkman (1993) 

showed that foraging efficiency on different sized cones varies with bill size, 

consistent with the hypothesis that variation in bill morphology is adaptive. To 

link foraging efficiency with survival, Benkman (2003) focused on a single 

marked population, demonstrating that individuals with the optimal bill size for 

foraging on local conifer cones had the highest survival rates. Together, the links 

between bill size, foraging efficiency, and survival provides strong evidence of 

fitness advantages of geographic variation in crossbill bill-morphologies, 
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particularly given the strong interactions between these ecological specialists and 

their prey.  

(4) Comparative studies showing repeated evolution. Several studies 

have used comparative methods to show repeated evolution of traits in response 

to the same selective pressures. Both Benkman (2003) and Borrás et al. (2008) 

showed convergence in bill morphology associated with cone size of crossbills in 

North America and Europe, further supporting the link between bill size and 

foraging efficiency on different sized conifer cones in crossbills. Similarly, studies 

of divergent bill morphologies in Mexican Jays (Aphelocoma ultramarina) 

(McCormack and Smith 2008) and Scrub Jays (Aphelocoma coerulescens) (Peterson 

1993) show repeated patterns of geographic variation in bill morphology that are 

thought to correspond to variation in diet. Jays that forage primarily on acorns 

have bills with a hooked maxilla, whereas jays that forage primarily on pine 

seeds have strait bills with no hook. Several other traits (e.g. basal metabolic 

rates, timing and duration of molt, nests morphologies, see citations above) show 

repeated patterns of geographic variation across multiple species and these 

differences are likely adaptive; nonetheless, most comparative studies show no 

direct measures of fitness.  

Comparing FST and QST to infer adaptive evolution of phenotypic traits. 

Given that reciprocal transplant experiments can be challenging to conduct with 

birds, some researchers compare variation among populations in putatively 

neutral genetic markers (FST) to quantitative genetic variation in phenotypic traits 

(QST) to infer if a geographically variable trait has evolved by selection. 

Comparing variation in neutral genetic markers is thought to represent a null 

model of evolution by genetic drift, but depends on neutral markers being 
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unaffected by selection (but see Balloux et al. 2009, Cheviron and Brumfield 

2009). If the quantitative genetic variation in phenotypic traits is equal to the 

observed variation in neutral genetic markers between populations (FST = QST), 

then there is no evidence that natural selection created phenotypic differences, 

and thus this phenotypic variation is thought not to be adaptive. However, if the 

quantitative genetic variation in phenotypic traits between populations is greater 

than the observed neutral genetic variation (QST > FST), then the phenotypic trait 

is thought to have evolved by selection, and thus be adaptive (McKay and Latta 

2002).  

Some researchers have used the comparison of QST and FST to infer local 

adaptation in birds (Merilä 1997, Sæther et al. 2007 and citations within); 

however, the use of this method has three serious weaknesses: 1) studies 

typically fail to show the fitness advantage of variable traits, 2) studies of birds 

typically measure phenotypic variation instead of quantitative genetic variation 

(i.e., there is no estimate of heritability for variation in the traits of interest), and 

3) detecting adaptive traits becomes increasingly improbable when populations 

have been isolated for a long time because high FST values limit the ability to 

identify adaptive traits. While comparisons of FST and QST provide valuable 

information about neutral and quantitative genetic variation, both of which 

provide information on the evolutionary histories of populations (McKay and 

Latta 2002), simple differences in neutral genetic markers by themselves do not 

provide evidence of local adaptation because neutral markers do not control the 

expression of phenotypic traits. 

Sexually selected traits. For sexually selected traits like song and plumage 

colour, researchers commonly measure female preference for local traits, and 
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infer a fitness advantage to local variants that are either preferred by local 

females, or are preferred by all females within the local environment. In captive 

mate choice trials using two visually and acoustically distinct subspecies of 

Zebra Finches (Taeniopygia guttata guttata and T. g. castanotis), Clayton (1990) 

showed that females preferred males of their own subspecies, regardless of 

whether or not they had been cross fostered with the opposite subspecies. 

Despite this thorough work, studies examining variation in sexually selected 

traits rarely link local traits and fitness with direct measures of local differences 

in preference or of trait expression within the local environment (Kroodsma and 

Canady 1985, Nelson et al. 1995, Nelson et al. 1996, Förschler and Kalko 2007).  

 

While there are few long-term studies of the fitness of individuals and 

their corresponding phenotypes, three studies have shown selection on 

phenotypes to be highly variable and to fluctuate in direction and intensity 

through time (Grant and Grant 2002, Chaine and Lyon 2008, Clegg et al. 2008). 

Thus, efforts to measure the fitness advantages of traits that vary among 

populations may be difficult in the absence of long-term data. The strength of 

selection (natural or sexual) driving phenotypic divergence between populations 

may fluctuate from nil to strong, and episodically strong selection events may be 

responsible for divergent phenotypes. If irregular, episodic events drive 

character divergence among populations, then measuring the fitness benefits of 

local traits may only be possible during the episodic periods of selection.  

 

INHERITANCE OF GEOGRAPHICALLY VARIABLE TRAITS 
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The heritability of geographic variation in a particular trait is defined here as the 

proportion of variation in that trait between individuals from geographically 

distinct populations that is influenced by genetic, socially learned, maternal, or 

epigenetic factors. Of these factors, researchers have focused primarily on the 

genetic contribution to variation in phenotypic traits. There are two 

measurements of the genetic heritability of phenotypic variation: 1) broad sense 

genetic heritability (H2), which describes the combined genetic contribution (e.g., 

additive, dominance, and epistatic) to the observed phenotypic variance (H2 = 

total genetic variance / phenotypic variance), and 2) narrow sense genetic 

heritability (h2), which describes only the additive genetic contribution (e.g., the 

combined effect of multiple alleles that influence phenotypic expression of traits 

in an additive way, both within and between loci) to the phenotypic variance (h2 

= additive genetic variance / phenotypic variance) (Falconer and MacKay 1996, 

Hill et al. 2008). Most studies of inheritance of geographically variable traits 

between populations of birds measure broad sense genetic heritability.  

Researchers have devoted much time and effort to assessing the genetic 

heritability of geographic variation in traits because understanding the basis of 

geographically variable traits allows researchers to predict the strength of 

selection and the speed at which populations can respond to changes in their 

environments (Merilä and Sheldon 2001, Price 2008). The two principal methods 

for estimating genetic heritability of trait variation between populations are: 1) 

common garden and 2) reciprocal transplant experiments (see Falconer and 

MacKay 1996, Merilä and Sheldon 2001, Kawecki and Ebert 2004, for details 

about methodology). In both experimental designs, researchers estimate the 

proportion of variation between populations that is maintained when 
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individuals from different populations are reared in the same environment. 

Neither method excludes all maternal or epigenetic effects on variation, and thus 

estimates of heritability, which are made using these methods, should be 

considered a maximum value for the genetic contribution to variation.  

Of 37 studies of population divergence in birds that examined inheritance 

of among population variation, 31 used common garden experiments and 8 used 

transplant experiments (Table 1); these numbers exceed 37 because 2 studies 

used both experimental designs (Clayton 1990, Rhymer 1992). Of the 37 studies, 

24 found among population variation in the trait to be genetically heritable (H2 

approached 1), 4 found among population variation in the trait to have no 

heritable component (H2 = 0), and 9 found genetic heritability estimates for 

among population variation to be mixed, with evidence for both genetic and 

environmental factors causing among population variation (1 > H2 > 0) (Table 1). 

Only 16 species of birds are represented in the 37 studies of genetic heritability of 

among-population variation in traits, with two species, Blackcaps (Sylvia 

atricapilla) and Stonechats (Saxicola torquata), being the subject of 32% (12) of the 

37 studies. Additionally, over half of the 24 studies that found trait differences 

between populations to be completely genetic examined populations 

(subspecies) with large differences in phenotypes, many of which were widely 

separated geographically. Because most studies attribute heritability of 

geographically variable traits to genetic mechanisms of inheritance, subsequent 

analyses focus on the genetic component of variable traits. 

 

Does the heritability of trait variation increase with geographic distance 

between populations? The heritability of among population variation in traits 
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should increase as populations become increasingly separated because the 

likelihood of gene flow between populations declines with distance, and thus the 

probability of genetic evolution among distant populations is greater (Slatkin 

1985, 1987). Using data from Price (2008), we regressed estimates of percent 

genetic heritability of trait variation on geographic distance between 

populations. We found no evidence that the heritability of among population 

variation in traits was related to geographic distance between populations (Fig. 1; 

r2 = 0.0072, P = 0.76). Some studies with as little as 3 km between populations 

found highly heritable differences in traits (Shapiro et al. 2006), while other 

studies with hundreds to thousands of kilometers between populations found no 

heritable component to phenotypic variation (Leafloor et al. 1998, Rhymer 1992). 

That distance among populations is a poor predictor of genetic heritability of 

variation in traits suggests that the selective mechanism(s) favouring genetic 

heritability in traits act independently of distance.  
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Figure 1. Percent genetic heritability of among population variation in traits 
regressed on geographic distance between populations. There is no relationship 
between geographic distance and % genetic heritability of variation in traits 
among populations (r2 = 0.0072, P = 0.76). 
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Are some traits more genetically heritable than others? Some phenotypic traits 

are more heritable than others. For example, traits that are closely related to 

fitness often show variation within populations, but this variation typically has 

low heritability – high heritability for variation in fitness related traits would 

lead to strong selection against low fitness phenotypes, and consequently, the 

extinction of corresponding genotypes (Reznick and Endler 1982, Reznick et al. 

1990). However, among population variation in traits is often interpreted as a 

consequence of both the strength and predictability of selection in different 

environments, and gene flow among the populations. Strong selection between 

populations is typically thought to favour increased genetic divergence, and thus 

genetic heritability of among population variation in traits. In contrast, high 

levels of gene flow or fluctuating selective pressures within an environment may 

constrain genetic divergence of populations, and thus favour plasticity of 

population level variation (Endler 1986, Slatkin 1987). Understanding how the 

heritability of among population variation differs among traits can provide 

important insights into the evolutionary constraints on trait evolution, and how 

patterns of selection and evolution vary across traits. Here, we group studies that 

examined similar traits or trait complexes to compare the genetic heritability of 

among population variation for different groups of traits.  

 Figure 2 summarizes estimates of genetic heritability of variation in 

phenotypic traits among populations. While there are 37 studies of trait variation 

among populations, the number of traits equals 40 in Figure 2 because two 

studies measured multiple, unrelated traits (Berthold and Querner 1982, Clayton 

1990).  
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Most groups of traits have received inadequate study, and thus patterns of 

heritability for among population variation may be biased for some traits. 

Nonetheless, three patterns emerge. First, nearly all trait categories show some 

degree of heritability (Fig. 2), suggesting that among population variation in 

traits commonly involves genetic evolution. We suspect that, in these cases, 

heritable variation among populations is the result of divergent selection, rather 

than genetic drift, because we see repeated patterns of trait evolution across 

multiple species inhabiting similar environments (Table 1).  

 Second, traits that interact with different or rapidly changing selective 

pressures, such as immune function, and traits whose expression is condition 

dependent, such as brightness of carotinoid-based plumage, appear plastic (Fig. 

2, Table 1). Parasites and pathogens evolve continuously and quickly. Thus, 

selection from unpredictable vectors of disease should favour flexible immune 

function because the evolution of fixed, heritable immune function could not 

keep pace with rates of pathogen evolution. The among population variation in 

brightness of red, carotinoid-based plumage colour of House Finches is plastic 

(Hill 1993), depending upon both the environment and a male’s quality and 

ability to find carotinoid-rich food sources during feather replacement (Hill and 

Montgomerie 1990). 

 Third, among population variation in traits used for mate attraction and 

species recognition (e.g., plumage pattern and song) appear to show heritable 

differences between populations (Fig. 2). In contrast to the brightness of 

carotinoid-based plumages, plumage patterns such as breast stripes or patch 

sizes in Zebra and House Finches appear highly heritable. Similarly, regionally 

specific songs and singing behaviours of Marsh Wrens and White-crowned 
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Sparrows appear heritable. While songs in both of these species are learned, we 

suspect that a heritable difference in the species’ ability to learn songs and 

singing behaviours (e.g., heritable differences in neurological systems) may 

predispose populations to learn regionally distinct song-types and repertoires. 

Both plumage patterning and song are likely key signals for mate attraction and 

species recognition, and thus divergent selection may favour heritable 

differences of among population variation in these traits. Additionally, if female 

preference evolves simultaneously with either male song or plumage pattern 

then this system of species recognition has the potential to act quickly as a pre-

mating barrier preventing inter population hybridization (O’Loghlen and 

Rothstein 1995).   

Population-level variation in traits associated with life history (e.g., 

reproduction, molt, metabolic rates, migration) and morphology show 

considerable variation in their degree of heritability. Most among population 

variation in life history traits are heritable, while among population variation in 

morphological traits appears evenly split among heritable, mixed and plastic 

bases to geographically variable phenotypes (Fig. 2). Many studies examining the 

heritability of life history traits have focused on few populations of the same 

species that inhabit temperate and tropical regions (Table 1). Thus, a sampling 

bias may inflate the frequency of heritable life-history variation. However, 

among population variation in life history traits may also show high heritability 

because strong divergent selection favours heritable, divergent phenotypes. For 

morphological traits, the variation in heritability suggests complex interactions 

between the strength of divergent selection and the movement of individuals 



32 

 

between populations. We suspect that more robust patterns will emerge with 

continued research into the heritability of variable traits among populations.  
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Figure 2. Analysis of genetic heritability for eight categories of trait variation 
among populations. Trait categories correspond to categories in Table 1 and are 
defined as follows: Reproduction includes: clutch size and timing of breeding; 
Molt includes: timing and duration of molt, and number of annual molts; 
Migration includes: migratory orientation, timing, and distance; Metabolic rates 
include: basal and resting metabolic rates; Morphology includes: external and 
skeletal morphology, body size, and repeated measures of morphological traits 
to assess growth rates; Immune function includes: measures of hematocrit levels 
and immunocompetence; Plumage includes: colour and pattern; Song includes: 
singing behaviour and repertoire size. While there are differences in the 
proportion of heritability between trait categories, strong sampling biases exist 
between categories.  
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Do mechanisms of inheritance vary with traits? Of the four possible 

mechanisms of inheritance (e.g., genetic, social, maternal, and epigenetic), most 

studies attribute variation in traits among populations to genetic inheritance 

rather than alternative modes of inheritance. Here, we compare mechanisms of 

inheritance for the 33 studies that described mixed or heritable bases to among 

population variation in phenotypic traits. 

 Genetic inheritance. While most studies attribute variation in traits 

among populations to genetic inheritance, few studies control for maternal 

effects, early environmental effects, or epigenetic effects. A practical approach to 

control for early environment and maternal effects is to hybridize individuals in 

captivity by using mothers from each population. Hybridizing mothers and 

fathers from each population allows one to partition parental effects to off-spring 

phenotype. Hybrids that show phenotypes intermediate to both parental 

populations suggest no maternal effects, whereas hybrids that show a strong 

resemblance to maternal-population phenotypes suggests inheritance via 

maternal effects (or sex-linked genes; see below). Thirteen studies examined molt 

biology, reproduction (clutch size), migration, song, plumage and morphology 

using hybridization experiments in captivity. Of these, 11 found heritable 

differences (Table 1). In these cases, F1 phenotypes were intermediate between 

parental populations (excluding the possibility of maternal effects), suggesting 

either a polygenetic mechanism of inheritance (e.g. multiple genes contributing 

to the expression of phenotype) and an absence of dominant alleles that suppress 

the expression of other genes (Helbig 1991, Berthold and Querner 1981), or a 

single gene with additive effects. The best test to distinguish between polygenetic 

effects versus a single gene with additive effects is to examine F2 hybrids; two 
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studies have done this, and both found support for a polygenetic basis to trait 

variation (Helm and Gwinner 1994, Strack et al. 1995). Thus, for studies that find 

evidence for heritable variation among populations, 11 studies have provided 

further evidence for autosomal gene(s) underlying the phenotypic expression of 

among population variation in traits. 

 Social learning. Song is the best example of a geographically variable trait 

that is passed on to subsequent generations via social learning in some species of 

birds. Yet, there are few studies of song that can exclude the role of genetic, 

maternal, and epigenetic inheritance for diverging song characteristics between 

populations. Studies using White-crowned Sparrows and Marsh Wrens raised in 

captivity and exposed to the same songs during development, suggest that 

genetic modes of inheritance may pre-dispose birds to acquire repertoires of 

different sizes. Nonetheless, social learning may underlie among population 

variation in other behaviours such as predator mobbing (Curio et al. 1978), brood 

parasite recognition (Davis and Welbergen 2009), and innovative foraging 

strategies (Estók et al. 2009, Fisher and Hinde 1949, but see Lefebvre 1995). To 

our knowledge, no studies have hybridized individuals between populations to 

examine possible maternal effects of socially learned traits that vary among 

populations. 

Maternal effects. There are no examples of divergent phenotypic traits 

between populations that are transmitted solely though maternal effects. To our 

knowledge, only a single study of Barnacle Geese (Branta leucopsis) has shown 

that within population variation results, at least in part, from maternal effects 

(Larsson and Forslund 1992). Barnacle Geese return to their hatching areas and 

females will return to the same natal grazing sites to raise their offspring. 
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Grazing sites differ in quality, thus maternally inherited sites can directly affect 

food availability and offspring phenotype. Correlating offspring phenotype to 

parental phenotypes, Larsson and Forslund (1992), showed that offspring most 

closely resemble their mothers. Because extra pair paternity is extremely rare, 

Larsson and Forslund (1992) interpreted these findings as a post-hatching 

maternal effect, where maternally inherited grazing grounds affect offspring 

phenotype.  

Most studies address maternal effects using breeding experiments that 

hybridize males and females from different populations (Helbig et al. 1994, 

Rhymer 1992, see Table 1); however, this appears suitable only for autosomal 

traits – it would be impossible to distinguish maternal effects from the effects of 

sex-linked genes using hybridizing experiments. Recent experiments that 

transfer developing avian embryos onto the yolks of unfertilized eggs represent 

an excellent, yet challenging way to control for differential maternal investment 

in eggs (Helms and Schneider 2003, Borwornpinyo et al. 2005).  

Epigenetic inheritance. To date, no studies have examined the possibility 

of epigenetic inheritance in birds. There is strong evidence of epigenetic 

inheritance in mammals (Morgan et al. 1999), and plants (Johnson and Tricker 

2010), thus we suspect that epigenetic inheritance will also be found in birds.  

 

Most geographic variation in traits is heritable to some degree, suggesting 

that geographic variation is often the result of genetic evolution as opposed to 

plastic responses in variable environments. The genetic contribution to the 

heritability of traits appears largely independent of geographic distance between 

populations (Fig. 1), suggesting that the strength and predictability of selection, 
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and the effects gene flow among populations, act independently of the 

geographic distance separating populations. Geographically variable traits are 

usually highly heritable when comparing populations that inhabit temperate and 

tropical regions (Table 1), presumably because these populations experience 

strong divergent selection and little gene flow. In contrast, traits that are subject 

to constantly changing selective pressures, such as immune function, show low 

heritabilities (Fig. 2). To date, no studies have found geographically variable 

traits to have maternal or epigenetic modes of inheritance. With rapidly 

developing technologies, and innovative methods for testing alternative 

mechanisms of heritability, we await future studies that partition genetic, social, 

maternal and epigenetic contributions to the inheritance of geographically 

variable traits.  

 

FUTURE DIRECTIONS 

If variation is heritable, what molecular-level changes underlie such splendid 

differences in phenotypic traits? Linking variable phenotypes to underlying 

variation in genes and gene expression reveals the molecular pathways 

responsible for visibly different phenotypes. In birds, one of the most exciting 

examples comes from studies of Darwin’s Finches (genus Geospiza), where 

researchers have linked the expression of bone morphogenetic protein 4 (Bmp4) 

to differences in bill morphology (Abzhanov et al. 2004). The expression of Bmp4 

strongly correlates with bill depth and width, and in the largest billed species, G. 

magnirostris, expression of Bmp4 is greatest, even when differences in body size 

are taken into account. Additionally, Abzhanov et al. (2004) experimentally 

increased and decreased Bmp4 expression in chicken embryos and showed that 
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elevated expression of Bmp4 corresponds to larger, deeper beaks, while reduced 

expression of Bmp4 corresponds to smaller, narrower beaks. Increasing the 

expression of Bmp4 appears to be a highly conserved mechanism to achieve 

larger, deeper bills. At least two other studies show that elevated expression of 

Bmp4 corresponds with larger bill morphologies (Wu et al. 2004, Badyaev et al. 

2008).  

Studies of colour variation in lizards (Rosenblum et al. 2010), pocket mice 

(Nachman et al. 2003), beach mice (Hoekstra et al. 2006), and several species of 

birds (Uy et al. 2009 and references within) have also linked phenotypic variation 

with genes. These examples of colour variation link pale colour morphs with 

mutations within the melanocortin-1 receptor gene (Mc1r), showing convergent 

molecular and phenotypic evolution, and that the Mc1r gene is highly conserved 

across diverse taxa. Despite this highly conserved gene, the molecular 

mechanism resulting in lighter phenotypes is different for several of these 

species. In the case of lizards at White Sands, New Mexico, species differ in the 

amount of gene expression or the efficiency of melanin transport or uptake, 

which ultimately affects colour (Rosenblum et al. 2010). These examples and 

others (Fitzpatrick et al. 2005) strongly suggest that genes are highly conserved 

across taxa and that genes linked to phenotypes in one species may often be 

applicable to other species (Fitzpatrick et al. 2005).   

 

CONCLUSIONS 

While geographic variation is ubiquitous in nature, showing that variable traits 

are adaptive and provide fitness advantages within their local environment has 

proven difficult. Most studies correlate trait variation with environmental 
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variation and interpret locally-specific traits as adaptations to local 

environments. Nonetheless, a few studies have shown fitness advantages of 

divergent bill morphologies, timing of breeding, and divergent plumage 

coloration between populations, and of these studies, many provide compelling 

evidence that these differences are heritable. Using common garden and 

reciprocal transplant experiments, 37 studies have addressed heritability of trait 

variation among geographically separated populations of birds. Only 4 studies 

found variation between populations to be dependent upon environmental 

conditions (e.g., H2 = 0). In contrast, nearly all studies found some degree of 

heritability underlying variation (e.g., H2 > 0), consistent with variation between 

populations arising due to divergent selection. Traits whose expression is 

dependent upon the environment (e.g., carotinoid-based coloration), and traits 

that require flexibility, such as immune function, appear largely plastic. In 

contrast, among population variability in traits like metabolic rates, migratory 

behaviour, and molt biology, and traits important for species recognition (e.g. 

plumage patterning and song), appear largely heritable. Most studies attribute 

heritable differences in phenotypic variation between populations to a genetic 

mode of inheritance, yet maternal and epigenetic modes of inheritance remain 

largely unexplored for geographically variable traits. Population level differences 

in culturally transmitted phenotypes, like those of song and singing behaviour, 

may have an additional component of genetic, maternal, or epigenetic 

heritability that pre-disposes populations to diverge in culturally transmitted 

phenotypes.  

Overall, our understanding of the basis of variable traits has progressed 

steadily, but many interesting questions remain. Understanding the selective 
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mechanisms favouring divergent evolution in phenotypic traits remains elusive, 

and linking phenotypic variation to changes at the molecular level will provide 

important insight into our understanding of adaptation in nature.  
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Table 1. Summary of studies that test for heritability of among population variation in 
phenotypic traits in birds. 

Species Trait(s) 
Fitness 
advantage Basis◊ 

Maternal/early 
environment 
effects 
checked? 

Distance 
between 
populations 
(km) Method Source 

Canada 
Goose  
Branta 
canadensis  

beak, skull, 
tarsus 

not 
examined plastic 

maternal 
effects not 
addressed 150 

common 
garden 

Leafloor et 
al. 1998 

Mallard 
Duck  
Anas 
platyrhynchos 

beak, wing, 
tarsus  

not 
examined plastic yes 2400 

common 
garden, 
hybridization, 
reciprocal 
transplant 

Rhymer 
1992 

Stonechat  
Saxicola 
torquata 

basal 
metabolic rate 

not 
examined heritable 

maternal 
effects not 
addressed 1750–4200 

common 
garden 

Wikelski et 
al. 2003 

Stonechat  
Saxicola 
torquata 

timing of post-
juvenile molt 

not 
examined genetic yes 4200 

common 
garden and 
hybridization 

Helm & 
Gwinner 
1999 

Stonechat  
Saxicola 
torquata  clutch size 

not 
examined genetic yes 4200 

common 
garden and 
hybridization 

Gwinner et 
al. 1995 

Stonechat  
Saxicola 
torquata  

body mass, 
wing length 

not 
examined genetic yes 8000 

common 
garden and 
hybridization 

Strack et al. 
1995 

Stonechat  
Saxicola 
torquata  

basal 
metabolic rate 

not 
examined heritable no  4200 

common 
garden*  

Klaasen 
1995 

Stonechat  
Saxicola 
torquata  

timing and 
duration of 
molt 

not 
examined genetic yes 6000 

common 
garden and 
hybridization 

Gwinner & 
Neußer 
1985 

Blue Tit  
Parus 
caeruleus 

fledgling 
mass, 
hematocrin 
levels 

not 
examined plastic 

maternal 
effects not 
addressed 25 

uni-
directional 
transplant 

Simon et al. 
2005 

Blue Tit  
Parus 
caeruleus 

timing of 
reproduction survival heritable 

maternal 
effects not 
addressed 25 

natural 
experiment, 
common 
garden 

Blondel et 
al. 2006 

Blue Tit  
Parus 
caeruleus 

photo-
responsiveness 

not 
examined heritable no  375 

common 
garden 

Lambrechts 
et al. 1996 

Blue Tit  
Parus 
caeruleus 

timing of 
reproduction  

not 
examined heritable no  375 

common 
garden 

Lambrechts 
& Dias 
1993 

Blue Tit  
Parus 
caeruleus 

timing of 
reproduction 

not 
examined heritable no  375 

common 
garden 

Blondel et 
al. 1990 

Great Tit  
Parus major 

mass, wing, 
tarsus 

not 
examined mixed no  < 3 

reciprocal 
transplant 

Shapiro et 
al. 2006 

Great Tit  
Parus major 

basal 
metabolic rate 

not 
examined heritable 

maternal 
effects not 
addressed 1300 

uni-
directional 
transplant 

Broggi et 
al. 2005 

Coal Tit  
Parus ater tarsus  

not 
examined heritable 

maternal 
effects not 
addressed 300 

reciprocal 
transplant 

Alatalo & 
Gustafsson 
1988 
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House Wren  
Troglodytes 
aedon 

egg 
development  

not 
examined heritable 

maternal 
effects not 
addressed 3400 

common 
garden 

Robinson 
et al. 2008 

Marsh Wren  
Cistothorus 
palustris 

repitour size, 
singing 
behaviour, 
nuerological 
anatomy 

not 
examined heritable no  4100 

common 
garden 

Kroodsma 
& Canady 
1985 

Blackcap  
Sylvia 
atricapilla 

number of 
annual molts 

not 
examined genetic yes 4900 

common 
garden & 
hybridization 

Berthold et 
al. 1994 

Blackcap  
Sylvia 
atricapilla 

migratory 
orientation 

not 
examined genetic yes 15001  

common 
garden & 
hybridization 

Helbig et 
al. 1994 

Blackcap  
Sylvia 
atricapilla 

migratory 
orientation 

not 
examined genetic yes 15001  

common 
garden & 
hybridization 

Berthold et 
al. 1992 

Blackcap  
Sylvia 
atricapilla 

migratory 
orientation 

not 
examined genetic yes 450 

common 
garden & 
hybridization 

Helbig 
1991 

Blackcap  
Sylvia 
atricapilla 

timing of 
juvenile molt; 
wing length, 
mass 

not 
examined genetic yes 1700–5500  

common 
garden & 
hybridization 

Berthold & 
Querner 
1982 

Blackcap  
Sylvia 
atricapilla 

migratory 
propensity  

not 
examined genetic yes 1700–5500 

common 
garden & 
hybridization 

Berthold & 
Querner 
1981 

European 
Blackbird  
Turdus 
merula 

migratory 
propensity 

not 
examined mixed no 40 

common 
garden 

Partecke & 
Gwinner 
2007 

European 
Blackbird  
Turdus 
merula 

timing of 
reproduction  

not 
examined mixed no 40 

common 
garden 

Partecke et 
al. 2004 

White-
crowned 
Sparrow 
Zonotrichia 
leucophrys song learning 

not 
examined heritable no  325 

common 
garden 

Nelson et 
al. 1996 

White-
crowned 
Sparrow  
Zonotrichia 
leucophrys 

song learning, 
repertoire size 

not 
examined heritable no  350 

common 
garden 

Nelson et 
al. 1995 

Dark-eyed 
Junco  
Junco 
hyemalis 

beak, wing, 
tail, fat 
deposition 

not 
examined mixed no  

1-2 (in 
elevation) 

common 
garden 

Bears et al. 
2008  

Dark-eyed 
Junco  
Junco 
hyemalis  

wing, tail 
length 

not 
examined heritable no  70 

common 
garden 

Rasner et 
al. 2004 

Red-winged 
Blackbird  
Agelaius 
phoeniceus weight, tarsus 

not 
examined mixed 

maternal 
effects not 
addressed 550–1100  

uni-
directional 
and 
reciprocal 
transplants James 1983 
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◊ We specify genetic heritability if studies hybridized individuals and found evidence for 
genetic inheritance; studies where possible maternal or early environmental effects 
could contribute to trait heritability are considered heritable.  

* Light dark cycles differed among populations in common garden experiment. 
1 Distance between populations is between wintering grounds; breeding ranges between 

populations are thought to overlap.  
2 Data addressing maternal effects and heritability from hybridization come from a single 

F1 individual.  
3 Reciprocal transplant experiments conducted in captivity. 
 

 

Red-winged 
Blackbird  
Agelaius 
phoeniceus 

beak, toe, 
body weight 

not 
examined mixed 

maternal 
effects not 
addressed 400 transplant 

James & 
NeSmith 
1988 

House Finch  
Carpodacus 
mexicanus 

plumage color, 
patch size 

not 
examined mixed yes2 2500–4000  

common 
garden, 
hybridization2  Hill 1993 

House 
Sparrow  
Passer 
domesticus 

immuno-
competence 

not 
examined mixed no  3750 

common 
garden 

Martin et 
al. 2004 

House 
Sparrow  
Passer 
domesticus 

breeding 
biology 

not 
examined mixed 

maternal 
effects not 
addressed 125 

common 
garden 

Krogstad et 
al. 1996 

House 
Sparrow  
Passer 
domesticus clutch size 

not 
examined plastic 

maternal 
effects not 
addressed 3750 

common 
garden Baker 1995 

Zebra Finch  
Taeniopygia 
guttata  

plumage, 
wing, beak 
size, song 

mate 
attraction genetic yes 400  

common 
garden, 
hybridization, 
reciprocal 
transplant  

Clayton 
19903 
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CHAPTER 3.  

 

Fitness consequences and selective mechanisms favouring local nest 

morphologies in Yellow Warblers: nest transplant experiments between subarctic 

and temperate populations 

 

INTRODUCTION 

 

Phenotypic traits that vary geographically within species are commonly thought 

to represent adaptations to different selective pressures facing populations that 

inhabit different locations (Darwin 1859, Mayr 1963, Endler 1986). This belief has 

been supported by studies that demonstrate fitness benefits of local versus non-

local phenotypes within local environments (Angert and Schemske 2005, Blondel 

et al. 2006, Vos et al. 2009), and from evidence for repeated convergent evolution 

in response to similar selective pressures that recur in different geographic 

locations (Losos et al. 1998, Huey et al. 2000, Gillespie 2004, Grenier and 

Greenberg 2005), or that act on multiple species that co-occur within a 

geographic location (Howe et al. 2004, Hoekstra 2006, Rosenblum et al. 2010). 

Based on this work, geographic variation in natural selection is thought to play a 

key role in generating phenotypic diversity both within and among organisms 

(Mayr 1963, Endler 1986).  

While studies of the adaptive benefits of geographic variation in 

phenotypic traits have focused on morphological or physiological traits (Zink 

and Remsen 1986, Endler 1986), behaviours also show widespread geographic 

variation within species and are thus subject to geographically varying agents of 
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selection (Foster and Endler 1999). With the exception of intraspecific signaling, 

few studies have measured the selective benefits of geographic variation in 

behaviours in nature, in part because of the difficulties in experimentally testing 

the relative fitness of behaviours in different environments. Behaviours that 

result in a physical structure (an extended phenotype; Dawkins 1982), such as a 

beaver lodge or a bird nest, present a case where geographic variants of 

behaviour can be physically moved between environments. These structures 

present a unique opportunity to examine the fitness consequences of local and 

non-local behaviours within a local environment, independent of the actual 

organism.  

Perhaps the most well recognized example of animal constructed 

structures is that of birds’ nests (Collias and Collias 1984, Hansell 2000). Nest 

building behaviour in birds shows considerable variation within species, and 

leads to nest structures that vary geographically. Differences in nest structure 

within a species are often thought to reflect adaptive responses to selective 

pressures that differ between breeding sites. For example, many species of birds 

breeding in cold environments build larger nests compared with conspecifics 

breeding in warmer locations (Schaefer 1976, Kern and van Riper 1984, Briskie 

1995, Rohwer and Law 2010). While the nest morphologies (e.g., nest dimensions 

and composition) covary with plausible selective pressures (e.g., ambient 

temperatures), no studies have measured the fitness consequences of local versus 

non-local nests in nature, where other selection pressures that are known to act 

on nests (e.g., predation, parasitism) are simultaneously operating.  

Here, we conduct reciprocal nest transplant experiments to examine the 

selective pressures favoring divergent nest morphologies of Yellow Warblers 
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breeding in a subarctic and a temperate environment. Yellow Warblers breeding 

in these different environments build dramatically different nests (Fig. 1); those 

breeding in subarctic sites construct larger nests with more soft plant material 

that provide thermal insulation against cold temperatures, while those breeding 

in temperate sites construct smaller nests with less insulative materials (Rohwer 

and Law 2010). Morphological differences in the external dimensions of nests 

show little overlap between locations (Fig. 1), and these differences in nest size 

and composition affect a nest’s capacity to retain heat and water. Large, well-

insulated nests from our subarctic site lost heat significantly slower but also 

retained more water than nests from our temperate site (Rohwer and Law 2010).  

Geographic differences in nest morphologies result from differences in 

nest building behaviours - Yellow Warblers in our subarctic site make over 3 

times as many trips to construct their larger nests compared with warblers at our 

temperate site. Thus, our nest transplant experiments allow us to test the relative 

fitness of geographically variable nest building behaviours within local and non-

local environments.  

We measured differences in nest temperature, humidity, incubation 

duration, fledging success, egg/nestling mortality, and parental behaviours 

during incubation between nests transplanted between temperate and subarctic 

sites (experimentals) and nests transplanted within sites (controls). Where 

possible, we also identified the causes of mortality of eggs and nestlings to 

evaluate different selective pressures acting on varying nest morphologies. We 

predicted higher relative fitness of nests transplanted within sites in comparison 

to nests transplanted between temperate and subarctic sites. 
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Figure 1. Representative Yellow Warbler nests from our subarctic site in Churchill, 
Manitoba (left) and from our temperate site in Elgin, Ontario (right), and average 
morphological measures of nests from each location in mm ± SE. Note Canadian penny 
(for scale) is 19 mm in diameter. Nests constructed at our subarctic site are typically 
larger, have thicker nest walls, deeper exterior nest depths, are constructed with more 
insulative materials, and require females to make on average three times as many trips to 
build compared to nests from our temperate site. Data for average morphological 
measures between study sites come from Rohwer and Law 2010. 
 

 Subarctic site  Temperate site P 
Nest-wall 

thickness 
13.4 ± 1.7 (n = 63)  9.4 ± 1.9 (n = 47) <0.001 

Exterior cup 
diameter 

76.6 ± 3.8 (n = 63)  65.2 ± 4.4 (n = 45) <0.001 

Inner cup 
diameter 

48.3 ± 2.3 (n = 63)  47.9 ± 3.1 (n = 45) 0.4 

Inner cup 
depth 

35.1 ± 3.1 (n = 63)  36.2 ± 3.3 (n = 46) 0.1 

Exterior nest 
depth 

77.4 ± 15.5 (n = 63)  63.8 ± 10.8 (n = 46) <0.001 
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METHODS 

 

Study species. Yellow Warblers are small (~10 g) songbirds that breed 

throughout North and Central America and the Caribbean, and into South 

America with temperate breeders migrating to Mexico and South America for 

the winter (Lowther et al. 1999). The breeding range of Yellow Warblers is one of 

the largest among passerine birds spanning from ~10° degrees south of the 

equator to ~70° at the northern limit of its breeding range in Alaska, USA 

(Lowther et al. 1999). On the basis of plumage and morphology, Browning (1994) 

recognized 43 subspecies of the Yellow Warbler. He assigned those breeding at 

our subarctic site in Churchill, Manitoba to D. p. parkesi and those breeding at our 

temperate site in Elgin, Ontario to D. p. aestiva. Only females build nests, and in 

most populations, females readily renest if early nests are depredated or 

destroyed. Once a pair successfully fledges young, it typically does not attempt 

to raise additional broods within that season (Lowther et al. 1999). At both study 

sites, Yellow Warblers typically, but not always, place their nests low (<2 m) to 

the ground in short deciduous shrubs, usually in the crooks of forked branches.  

 

Study sites. Our subarctic site was located in northern Manitoba about 20 km 

east of the town of Churchill at the Northern Studies Research Centre (58° 40' N, 

94° 25' W; elevation 20 m). Our temperate site was located in southeastern 

Ontario, near the town of Elgin at the Queen’s University Biological Station (44° 

30' N, 76° 19' W; elevation 125 m). These two sites pose different challenges to 

breeding Yellow Warblers. Our subarctic site is colder, windier and receives less 
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precipitation than our temperate site (Rohwer and Law 2010), and the suite of 

potential nest predators appears more diverse and abundant in our temperate 

site than our subarctic site; snakes and chipmunks are absent from our subarctic 

site (Ernst and Barbour 1989, Forsyth 1985, respectively). Habitat at our subarctic 

site is a mosaic of wind-swept, stunted spruce (Picea mariana and P. glauca) and 

larch (Larix laricina) trees, willow (Salix spp.) thickets, and tundra flats. Habitat at 

our temperate site is mixed deciduous forest with scattered marshes, waterways 

and field edges (Fig. 2). At our temperate site, the breeding season begins in mid 

May, whereas at our subarctic site, the breeding season is delayed by nearly a 

month beginning in mid June (Briskie 1995, Jehl 2002). Differences in climatic 

factors, predator communities, and habitat may play important roles in selecting 

for different nest building behaviours between our study sites. 

 

Finding, collecting and monitoring nests. We found nests by following females 

that were carrying nesting material, or by searching appropriate nesting habitat 

for nests. Nests found while under construction were monitored until 

completion, and nests found during egg laying and incubation were checked 

every two days. We collected nests for our transplant experiments either just 

after completion (and prior to egg laying), or during early and mid stages of 

incubation. All transplanted nests where checked every 2 days, with the 

exception of transplanted nests at our temperate site in 2010; these nests were 

checked every 3–4 days.  

 

Nest transplants. All nest transplants were conducted on active nests that had 

complete clutches of eggs. To conduct a transplant, we either waited for the 
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female to naturally leave her nest, or we flushed the female by approaching her 

nest. Once at the nest, we carefully removed the eggs and placed them into a 

cotton-filled container, then carefully removed the female's nest from her nest 

site. We replaced the female’s nest with either a control nest from the same 

location or an experimental nest from the opposite location, and then carefully 

placed all of the female's eggs into the transplanted nest. Whether a female 

received a control or experimental nest was decided randomly using a coin toss 

for the first nest we found in each location; we alternated between control and 

experimental treatments for all subsequent nests. 
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Figure 2. Representative breeding habitats of Yellow Warblers from our temperate (top) 
and subarctic sites (bottom). In each location, Yellow Warblers typically place their nest 
low to the ground (< 2m high) in short deciduous shrubs.  
 



62 

 

In some cases, the female’s original nest was well-fastened to a substrate. In these 

cases, we used fine, green florist-wire to securely fasten the transplanted nest to 

the same substrate, ensuring that it would not tip over in high winds or with the 

movements of larger nestlings.  

Whenever possible, we preformed transplants on nests that were in the 

early stages of incubation to better capture possible fitness effects of different 

nest morphologies in different environments. We sterilized all nests used in 

transplants by microwaving them for 1 minute on high power to kill any nest 

parasites within the nest, prior to a transplant. Microwaving nests for longer than 

1 minute was risky because they could catch on fire, and nesting material would 

dry-out and become brittle (V. G. Rohwer pers. observ.). Nonetheless, 1 min 

seemed effective at killing parasites; upon examining microwaved nests, we 

found, on two occasions, dead larvae (presumably blowflies, Calliphoridae).  

 With the exception of transplants conducted at our temperate site during 

2010, all control and experimental nests used in transplants were the same age 

(e.g., collected during the same breeding season). All nests that were stored over 

the winter were placed in Tupperware containers in a cool dry location. For 

transplants conducted at our temperate site in 2010, all experimental (subarctic) 

nests were from 2009, whereas 4 of our control (local temperate) nests were from 

2009 and 24 from 2010.  

 

Measuring changes in nest temperature and humidity. For nest transplants at 

our subarctic site, we predicted that transplanted temperate nests would be 

colder than local, subarctic nests since they are smaller and constructed with less 

insulative materials. In contrast, we predicted that subarctic nests transplanted to 



63 

 

our temperate site would be warmer compared to local temperate nests. Because 

humidity is inversely related to temperature, we predicted the opposite relations 

for humidity as we did for temperature in both locations.  

We measured temperature and humidity of nests before and after 

transplants, and then subtracted the pre-transplant values from post-transplant 

values to calculate changes in nest temperature and humidity. Subtracting the 

pre-transplant values from the post-transplant values allowed us to control for 

variation in nest microclimate between nest sites, and for differences in the 

incubation behaviours of individual females. All measures of temperature and 

humidity come from paired comparisons of control and experimental nests 

measured simultaneously. Thus for each pair, temperature and humidity 

measures span the exact same dates and times, allowing us to control for 

temporal variation in weather. All nest pairs were matched as closely as possible 

in clutch size (±1 egg). 

To measure temperature and humidity from inside the nest, we use the 

iButton Hydrochron DS 1923 data logger (Maxim Integrated Products Inc. CA, 

USA), a small device slightly larger than a wristwatch battery (17.5 mm diameter, 

6 mm width). To implant data loggers for recording pre-transplant values, we 

flushed females from their nests, carefully removed their eggs, and buried the 

data logger within the nest lining at the base of the nest cup. For post-transplant 

values, data loggers were placed in nests prior to transplants. In all cases, we 

placed data loggers approximately 1-2 mm below the surface of the nest lining to 

conceal them from the attending parents. All data loggers were oriented in the 

same direction with the narrow end placed up towards the eggs. Temperature 

and humidity readings for nests were usually taken over 2–3 day periods before 
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transplants and 2–3 day periods after transplants to capture daily fluctuations in 

temperatures. For 3 pairs of nest transplants at our subarctic site in 2009, pre-

transplant data was collected for a shorter time interval (7–20 hours), so that we 

could conduct nest transplants during a bout of extremely cold weather. For all 

nests transplants, we programmed data loggers to take temperature and 

humidity readings every 45 or 60 seconds, for a maximum of 4096 readings.  

We inspected all temperature data visually to assess incubation 

behaviours. In cases where females took exceedingly long recesses during 

incubation (for example, in response to disturbance by a predator), we excluded 

these data from our measures of changes in temperature and humidity.  

To examine how changes in ambient temperatures affected changes in 

nest temperature between control and experimental nests, we regressed change 

in nest temperature on change in ambient temperature. We then compared the 

slopes of each regression between treatments. Ambient temperature data comes 

from Environment Canada weather stations from Churchill, Manitoba for our 

subarctic site and from Kingston, Ontario for our temperate site. 

 

Measuring incubation duration. The rate at which avian embryos develop is 

dependent on temperature (Lundy 1969). Thus, we predicted that transplanted 

subarctic nests would have shorter incubation durations than transplanted 

temperate nests regardless of location. We defined the start of incubation as the 

date of clutch completion and the end of incubation as the date when at least half 

of the clutch had hatched. We present data only for our subarctic site because we 

do not have accurate start and end dates of incubation for our temperate site.  
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Measuring nest success. For both subarctic and temperate sites, we predicted 

that transplanted local nests would have higher fitness and thus fledge more 

young than transplanted non-local nests. Within sites, selective mechanisms such 

as climate (e.g., ambient temperature) and predation may oppose each other by 

favouring nests of different sizes, thus resulting in similar overall reproductive 

success. For example, temperate nests that are transplanted to our subarctic site 

may experience reduced mortality due to predation as a consequence of their 

smaller size (Møller 1990), but also experience higher mortality due to cold 

temperatures because these nests are less insulated (Rohwer and Law 2010). In 

an effort to disentangle potentially opposing mechanisms, we identified the 

sources of egg and nestling mortality, to the best of our ability, into mortality 

caused by predation and mortality caused by climate. We assigned (i) eggs that 

failed to hatch [e.g., eggs that remained in the nest once nestlings fledged or eggs 

that did not hatch after 16 days of incubation, 5–6 days longer than typically 

incubation periods of 10–11 days; (Salgado-Ortiz et al. 2008)], (ii) nestlings we 

found dead in the nest, and (iii) nestlings that went missing while their siblings 

remained in the nest (i.e., nestlings that presumably died and were removed by 

their parents), as mortality due to climate. We assigned eggs and nestlings from 

nests where entire clutches of eggs or broods of nestlings went missing, often 

with signs of disturbance, as mortality due to predation. These assignments 

undoubtedly lead to some error because we did not witness the events that lead 

to the mortality of eggs and nestlings in the nest. For example, nestlings that died 

due to cold temperatures may have subsequently been eaten by predators 

(causing us to assign the mortality to predation), or predators may have removed 

a single nestling rather than remove the entire brood (causing us to assign the 
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mortality to climate). Similarly, mortalities assigned to climate or predation may 

oversimplify the causes of mortality when factors causing mortality interact [e.g., 

cold nest temperatures lead to greater female activity at the nest that results in 

higher nest predation (Conway and Martin 2000a)]. Despite these uncertainties, 

our categorizations of mortality were supported by direct observations from 

dissected eggs that remained in nests or from predation events. These 

categorizations allow us to examine the consequences of potentially opposing 

selective pressures whose strengths may vary between control and experimental 

nests.  

  

Measuring changes in parental behaviour. Parental behaviours at nests often 

vary with changes in microclimate, predation risk, and other factors (Conway 

and Martin 2000a, Camfield and Martin 2009). Thus, we examined differences in 

parental behaviours between transplanted control and transplanted experimental 

nests for three behaviours. For females, we measured the frequency of recesses 

during incubation (number of recesses/hr), and the duration of time spent away 

from the nest during each recess (in minutes) using video cameras. For males, we 

measured the number of feeding visits (visits/hr) to feed incubating females, 

also using video cameras. 

Similar to our measures of nest temperature and humidity, we examined 

changes in parental behaviours during incubation before and after nest-

transplants, and then calculated the change in parental behaviours as: (values 

after the transplants) - (values before the transplants). Subtracting the pre-

transplant values from the post-transplant values allowed us to control for 

variation in nest microclimate between nest sites, and differences in the 
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behaviours of individual parents. All changes in parental behaviours come from 

paired comparisons of transplanted control (local) and experimental (non-local) 

nests videotaped simultaneously to control for possible changes in behaviour 

due to weather. We videotaped nests at each site in the early morning (starting 

between 04:30 and 10:00) for 4–6 hours using a Sony Handycam DCR-SR85 video 

recorder. All paired nests were at similar stages of incubation to control for 

possible changes in behaviours associated with incubation stage. For all video 

data, we excluded the first 10 minutes of footage to control for possible effects of 

camera set-up on incubation behaviour. We present data for changes in parental 

incubation behaviour for only our subarctic site because we have small samples 

(n = 3 pairs) for our temperate site. 

 

Measuring nestling growth rates. Briskie (1995) examined growth rates of 

Yellow Warblers breeding at our subarctic site in Churchill, Manitoba and found 

that nestlings gain, on average, 1 g per day. To examine differences in nestling 

growth rates between control and experimental nests, we weighed all nestlings 

on day 2 (±1 day due to hatching asynchrony) and day 3 (±1 day), with two 

exceptions where the second measure of nestling mass was made on day 4 (±1 

day). Average nestling mass represents the mass of all nestlings within a nest, 

divided by the number of nestlings. We calculated nestling growth rates 

(measured as weight gain in grams) as: (average nestling mass on day 3) - 

(average nestling mass on day 2). Because nestling mass can change relatively 

quickly, we recorded time of day for each measure of nestling mass, and 

controlled for the number of hours between weighing events. We matched 
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number of nestlings between control and experimental nests whenever possible 

to account for differences in growth rates due to the number of nestlings. We 

present growth rate data for only our subarctic site because we were unable to 

measure nestling growth rates at our temperate site due to time constraints. 

 

Statistical analyses. All statistical analyses were preformed in R (R version 2.10, 

R Development Core Team 2009). Statistical tests differed for each analysis so we 

present them separately. All results are mean values ± 1 SD. 

Changes in temperature and humidity. To test the hypotheses that nest 

temperature and humidity differed between our nest transplant treatments, we 

used saturated general linear mixed-effect models (GLMM), with change in 

temperature or humidity as the dependent variable, and treatment, year, and a 

treatment*year interaction term as our independent variables. All nests were 

paired between treatments, and nest pair was entered into the model as a 

grouping variable. We conducted separate tests for the average, minimum, 

maximum, and variation in temperature, and the average, minimum, maximum, 

and variation in humidity. All temperature and humidity data were either 

normally distributed (Shapiro-Wilks test P > 0.05), or were transformed to 

normalize their distributions prior to analyses. The following variables required 

transformations: all humidity variables from our subarctic site, and minimum 

and maximum humidity, and variation in maximum temperature from our 

temperate site.  

Incubation duration. To test the hypothesis that the duration of incubation 

differed between our nest transplant treatments, we used a Wilcoxon test to 

compare incubation durations between control and experimental nests. These 
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data did not fit a normal distribution and we could not transform them to meet 

the assumptions of normality of parametric tests.  

Nest success. For transplants conducted at our subarctic site, we tested the 

hypothesis that nesting success differed between our nest transplant treatments 

using saturated generalized linear models (GLM) with the number of nestlings 

fledged as our dependent variable, and treatment, year, and a treatment*year 

interaction term as our independent variables. We tested for different selective 

mechanisms (i.e., climate or predation) on egg/nestling mortality between our 

nest transplant treatments using saturated generalized linear models with 

number of deceased eggs/nestlings per nest as our dependent variable, and 

treatment, year, and a treatment*year interaction term as independent variables 

in our model. For transplants at our temperate site, we used the same statistical 

tests described above, except, we did not include a treatment*year interaction for 

our analyses of nest success or selective mechanisms because of vastly different 

samples sizes for each year (number of nest transplants for our temperate site: n 

= 6 in 2009, n = 57 in 2010). We transformed the number of nestlings fledged, and 

number of eggs/nestlings that died as a result of predation or climate by taking 

the square root; following this transformation, all data were normally distributed 

(Shapiro-Wilks test P > 0.5). For all analyses of nesting success, we used a quasi-

poisson distribution to correct for over dispersion because our residual deviance 

was much higher than residual degrees of freedom when we used a poisson 

distribution (Crawley 2005).  

Parental behaviour. We tested the hypothesis that female and male 

behaviour during the incubation period differed between our nest transplant 

treatments using saturated general linear mixed-effects models with change in 
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female/male behaviour as our dependent variables (in three separate analyses), 

and treatment, year, and a treatment*year interaction term as our independent 

variables. The frequency of female recesses and male feeding rates fit normal 

distributions without transformation. The duration of female recesses required a 

log((recess duration)2) transformation to normalize the data prior to analysis. 

Nestling growth rates. We tested the hypothesis that growth rates of 

nestlings differed between our nest transplant treatments using a generalized 

linear model with nestling growth rate as our dependent variable and treatment 

as our independent variable. All growth-rate data were normally distributed 

(Shapiro-Wilks test P = 0.4).  

 

RESULTS 

 

Transplant experiments. We conducted a total of 51 nest transplants at our 

subarctic site of Churchill, Manitoba (2008: n = 10 control, 10 experimental; 2009: 

n = 16 control, 15 experimental), and 63 at our temperate site of Elgin, Ontario 

(2009: n = 3 control, 3 experimental; 2010: n = 28 control, 29 experimental). At 

both sites, almost no females abandoned nests as a result of our transplant 

experiments (% abandonment for subarctic site: 2%, temperate site: 0%).  

 

Changes in nest temperature and humidity. Temperate nests transplanted to 

our subarctic site experienced colder average temperatures (Fig. 3; GLMM t = - 

2.6, P = 0.03, n = 11 pairs; experimental nests: initial average temperatures of 

26.7°C cooled by -0.4°C; control nests: initial average temperatures of 25.5°C 

warmed by 2.6°C) and colder minimum temperatures (Fig. 3; GLMM t = -3.8, P = 
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0.004, n = 11 pairs; experimental nests: initial minimum temperatures of 22.9°C 

cooled by 2.7°C; control nests: initial minimum temperatures of 21.2°C warmed 

by 1.2°C) in comparison to control (transplanted local) nests. For variability in 

temperature, we found a significant interaction effect of year by treatment 

(GLMM t = 3.5, P = 0.007), with experimental nests experiencing greater 

fluctuations in temperature during 2008 (paired t-test t = -5.0, P = 0.004, n = 6 

pairs), but not in 2009 (paired t-test t = 0.3, P = 0.8, n = 5 pairs). We found no 

effect of treatment on maximum temperature (GLMM t = -1.6, P = 0.2) or any 

measure of humidity (Fig. 3; GLMM P > 0.3 for change in average, maximum, 

minimum, and variability). 

 In contrast, subarctic nests transplanted to our temperate site showed no 

significant differences in nest temperatures (Fig. 4; GLMM P > 0.3 for change in 

average, maximum, minimum, and variability, n = 11 pairs) or humidity (Fig. 4; 

GLMM P > 0.2 for change in average, maximum, minimum, and variation, n = 11 

pairs) in comparison to control (transplanted local) nests. 

Changes in nest temperature between treatments did not vary 

significantly with changes in ambient temperature (subarctic site: Fig. 5, P > 0.2 

for all plots, n = 11 pairs; temperate site: Fig. 6, P > 0.2 for all plots, n = 11 pairs). 

However, differences in nest temperatures between treatments were most 

evident at cold ambient temperatures at our subarctic site (Figs. 5B & C). 



72 

 

Subarctic site 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Changes in nest microclimate as a result of nest transplants at our subarctic 
site. Values represent (microclimate after nest transplant) - (microclimate prior to nest 
transplant) for both control (within site transplant) and experimental (among site 
transplant) treatments. Letters correspond to: A) change in average, B) change in 
maximum, C) change in minimum, and D) change in variability or range of temperature 
(left) and relative humidity (right) for control (transplanted local, n = 11) and 
experimental (transplanted temperate, n = 11) nests. The middle line in box plots 
represents the median, upper and lower edges of the box represent 75th and 25th 
percentiles (interquartile region), whiskers represent data within 1.5 times the 
interquartile regions, and outliers are marked with circles. Significant differences (P < 
0.05) in average and minimum temperature between treatments are denoted with an 
asterisk (*). 
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Figure 4. Changes in nest microclimate as a result of nest transplants at our temperate 
site. Values represent (microclimate after nest transplant) - (microclimate prior to nest 
transplant) for both control (within site transplant) and experimental (among site 
transplant) treatments. Letters correspond to: A) change in average, B) change in 
maximum, C) change in minimum, and D) change in variation in temperature (left) and 
relative humidity (right) for control (transplanted local, n = 11) and experimental 
(transplanted subarctic, n = 11) nests. The middle line in box plots represents the median, 
upper and lower edges of the box represent 75th and 25th percentiles (interquartile region), 
whiskers represent data within 1.5 times the interquartile regions, and outliers are marked 
with circles. We found no significant differences in temperature and humidity between 
treatments at our temperate site.  
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Figure 5. Change in maximum (A), average (B), minimum (C) nest temperature 
regressed on change in ambient temperature for nest transplants at our subarctic site. 
Unfilled circles (dashed lines) represent experimental (transplanted temperate) nests and 
filled circles (solid lines) represent control (transplanted local) nests for 11 pairs of nests 
(control n = 11, experimental n = 11). We found no significant difference in the 
relationship between changes in nest temperature and ambient temperature between 
treatments (P > 0.2) at our subarctic site. However, cold temperatures appear to affect 
experimental (transplanted temperate) nests more than control (transplanted local) nests. 
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Figure 6. Change in maximum (A), average (B), and minimum (C) nest temperature 
regressed on change in ambient temperature for nest transplants at our temperate site. 
Unfilled circles (dashed lines) represent experimental (transplanted subarctic) nests and 
filled circles (solid lines) represent control (transplanted local) nests for 11 pairs of nests 
(control n = 11, experimental n = 11). We found no significant differences in changes in 
nest temperature and changes in ambient temperature between treatments (P > 0.17) at 
our temperate site.  
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Changes in incubation duration. We found no effect of treatment on incubation 

duration (Fig. 7; Wilcoxon test z = 0.3, df = 1, P = 0.6; experimentals: 11.8 ± 1.3 

days, n = 13; controls: 11.5 ± 1.1 days, n = 12), but a significant effect of year 

(Wilcoxon test z = 16, df = 1, P < 0.0001). Incubation period was, on average 11.1 

± 0.5 days in 2008, and 13.4 ± 0.8 days in 2009, coincident with 2009 being one of 

the coldest springs at our subarctic site in the past 50 years (Environment Canada 

2010). 

 

Changes in nest success. At our subarctic site, we found no significant effect of 

treatment on number of nestlings fledged (Fig. 8A; GLM t = -0.03, P = 1.0; 

controls: n =18, experimentals: n = 18); experimental (transplanted temperate) 

nests fledged on average 1.55 ± 2.0 nestlings whereas control (transplanted local) 

nests fledged on average 1.61 ± 2.1 nestlings. Experimental nests had lower 

mortality due to predation, but differences between treatments were not 

statistically significant (Fig. 8B; GLM t = -0.8, P = 0.4; average number of 

eggs/nestlings lost per nest for: controls = 2.2 ± 2.2, n = 18; experimentals = 1.6 ± 

2.0, n = 18). Experimental nests had higher mortality due to climate, but 

differences between treatments were not statistically significant (Fig. 8C; GLM t 

= 1.3 P = 0.2; average number of eggs/nestlings lost per nest for: controls = 0.44 ± 

0.9, n = 18; experimentals = 0.94 ± 1.5, n = 18). Zero of 18 control nests, and 3 of 18 

experimental failed to hatch any eggs. 

At our temperate site, we found no effect of treatment on number of 

nestlings fledged (Fig. 9A; GLM t = 0.7, P = 0.5; average number of nestlings 

fledged per nest for: controls = 0.8 ± 1.5, n = 31; experimentals = 1.19 ± 2.0, n = 
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32), and no effect of treatment on mortality from predation (Fig. 9B; GLM t = -0.4, 

P = 0.7; average number of eggs/nestlings lost per nest for: controls = 3.16 ± 1.95, 

n = 31; experimentals = 3.0 ± 2.1, n = 32) or climate (Fig. 9C; GLM t = -0.8, P = 0.4; 

average number of eggs/nestlings lost per nest for: controls = 0.26 ± 0.73, n = 31; 

experimental = 0.16 ± 0.72, n = 32).   

For both study sites, we found no differences in nest height or clutch size 

between control and experimental nest [P > 0.7, two tailed t-test for nest height 

(both actual nest heights, and nest heights relative to the substrate height), and 

clutch size]. Thus, reproductive success was unlikely to be biased by differences 

nest placement or clutch sizes between treatments.  

 

Changes in parental behaviour. Subarctic females that received experimental 

nests took, on average, shorter recesses than females that received control nests 

(Fig. 10; GLMM t = -2.8, P = 0.03, n = 8 pairs; change in average recess duration 

for: experimentals = 13 sec ± 56 sec; controls = 26 sec ± 8 min 7 sec). This finding 

includes 2 control females with atypical incubation behaviours that caused high 

standard deviations in the control group. One female took on average 20 minute 

recesses from the nest during pre-transplant video recording and one female 

took a single abnormally long off bout of 1 hour and 23 minutes. Upon removing 

the pair whose control female took on average over 20 minute recesses and 

excluding the odd 1 hour and 23 min off bout, changes in incubation patterns 

remain the same, but are not statistically significant (GLMM t = -2.2, P = 0.07, n = 

7 pairs, change in average recess duration for: experimentals = -2 sec ± 37 sec; 

controls = 42 ± 63 sec).  
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Figure 7. Average duration of the incubation period (in days ± 1 SD) for 12 control 
(transplanted local) and 13 experimental (transplanted temperate) nests at our subarctic 
site. Eggs in experimental nests took slightly longer to hatch compared with control nests, 
but the differences were not statistically significant (P = 0.3).  
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Figure 8. Differences in reproductive success and mortality as a result of nest transplants 
at our subarctic site. Average number of young fledged per nest (A) and mortality of 
eggs/nestlings due to predation (B) and climate (C) for 18 control (transplanted local) and 
18 experimental (transplanted temperate) nests at our subarctic site. Plots show mean ± 1 
SD. Experimental (transplanted temperate) nests suffered greater mortality from climate 
than control (transplanted local) nests, but differences were not statistically significant (P 
= 0.2). 
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Figure 9. Differences in reproductive success and mortality as a result of nest transplants 
at our temperate site. Average number of young fledged per nest (A), and mortality of 
eggs/nestlings due to predation (B) and climate (C) for 31 control (transplanted local) and 
32 experimental (transplanted subarctic) nests at our temperate site. Plots show mean ± 1 
SD. We found no significant differences for nest success or mortality (predation or 
climate) between treatments at our temperate site. 
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We found no effect of treatment on the frequency of recesses a female took 

during incubation (Fig. 10; GLMM t = -0.1, P = 0.9, n = 8 pairs, average change in 

number of recesses per hour for: controls = 0.25 ± 1.9; experimentals = 0.16 ± 

1.32). We found no effect of treatment on male feeding rates (Fig. 10; GLMM t = 

0.4, P = 0.7, n = 8 pairs, change in average male feeding rates for: experimentals 

=-0.9 ± 3.7 trips to nest/hr, controls = -1.7 ± 6.2 trips to nest/hr).  

 

Changes in nestling growth rates. We found no significant effects of treatment 

on nestling growth rate (Fig. 11, GLM t = -1.1, P = 0.3, n = 10 nests). Nestlings 

from experimental nests gained on average 0.97 ± 0.31 g/day (n = 6 nests) while 

nestlings from control nests gained on average 1.16 ± 0.18 g/day (n = 4 nests).  
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Figure 10. Changes in behaviours during incubation as a result of nest transplants at our 
subarctic site. Change in the average duration that a female was away from her nest 
(recess duration, top), change in the number of recesses per hour taken by females during 
incubation (recess frequency, middle), and change in the number of male feeding visits 
per hour during incubation (male feeding rates, bottom). Plots show mean values for each 
treatment ± 1 (SD) for 8 pairs (controls n = 8, experimentals n = 8) of nests at our 
subarctic site. Significant differences between treatments are denoted with an asterisk (*). 
Females that received experimental nests took significantly shorter recesses during 
incubation than females that received control nests.  
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Figure 11. Average nestling growth rates (in grams/day ± 1 SD) for 6 experimental 
(transplanted temperate) and 4 control (transplanted local) nests at our subarctic site. 
While nestlings in experimental nests gain less weight than nestlings in control nests, this 
difference is not statistically significant (P = 0.3). 
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DISCUSSION 

 

Several of our findings suggest that different nest building behaviours of Yellow 

Warblers between subarctic and temperate sites are adaptive in their local 

environments. First, temperate nest transplanted to our subarctic site 

experienced colder temperatures, and greater fluctuations in nest temperature 

(Fig. 3). Colder nest temperatures slow embryo development, reduce nestling 

growth rates, and increase the amount of energy incubating and brooding 

females must expend to maintain warm nests temperatures (Lundy 1969, 

Conway and Martin 2000b, Reid et al. 2000, Pérez et al. 2008). Second, temperate 

nests transplanted to our subarctic site experienced higher mortality due to 

climate (likely due to cold temperatures) in comparison to transplanted local 

nests, although these differences were not statistically significant (Fig. 8). Third, 

females in subarctic sites that received temperate nests took shorter recesses 

during incubation (Fig. 10). Females likely took shorter recesses from 

experimentally transplanted nests in response to colder nest temperatures 

(Conway and Martin 2000b). These shorter recesses would increase the net 

energetic costs of females by reducing the amount of time available for foraging. 

Females did not compensate for shorter recesses by taking more recesses, nor did 

males increase feeding rates of females on transplanted temperate nests (Fig. 10). 

To our knowledge, this is the first study to use field experiments to assess the 

fitness consequences of geographically variable nest building behaviours in 

nature.  

While we interpret our data as evidence for natural selection favouring 

divergent nest morphologies between subarctic and temperate environments, 
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our nest transplants suggest little fitness benefit (measured in number of young 

fledged per nests) of local nests compared to non-local nests. Larger nests 

provided a 3.8% increase in fitness at their local subarctic site and a 32.7% 

increase in fitness at their non-local temperate site, raising the possibility that 

large nest are mal-adaptations to cold environments and the product of random 

forces such as drift. However, the mal-adaptation/drift hypothesis seems 

unlikely because large nest-size in cold environments has evolved multiple times 

in phylogenetically independent lineages of birds and mammals (see citations 

within: Lynch 1980, Rohwer and Law 2010, Crossman et al. unpubl. data). Small 

sample sizes at our subarctic site may obscure realistic patterns of fitness benefits 

to local nest morphologies. Alternatively, different life histories and reproductive 

strategies between temperate and subarctic populations of Yellow Warblers may 

explain our data. Populations of birds at higher latitudes typically have higher 

annual fecundity and lower annual survival than populations at lower latitudes 

(Ghalambor and Martin 2001, Jetz et al. 2008). Thus, Yellow Warblers breeding at 

our subarctic site may reallocate energy from survival to reproduction by 

constructing larger nests to ensure success of their offspring. However, the life-

histories hypothesis seems like a poor alternative explanation for two reasons. 

First, clutch size and morphological dimensions of the interior of nests do not 

differ between our locations (Yellow Warblers at both our temperate and 

subarctic sites lay between 4 and 5 egg clutches) (Fig. 1), thus larger nests at our 

subarctic site are not the result of greater reproductive investment via larger 

clutch sizes that require larger nests. Second at least three species of ground 

nesting birds show little to no geographic variation in their nest morphologies 

(Kern 1984, Kern et al. 1993, Crossman et al. unpubl. data), suggesting that 
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ground nesting species do not face the same suit(s) of divergent selective 

pressures than those faced by Yellow Warblers and other above ground nesting 

species that breed in cold regions.   

 We propose that different selective mechanisms favour divergent nest 

building behaviour between our subarctic and temperate sites. In subarctic 

habitats, female Yellow Warblers face greater challenges to maintain warm nest 

temperatures and conserve energy during the incubation of eggs and brooding of 

young because of cold ambient temperatures. As ambient temperatures decrease, 

incubating/brooding females must allocate more energy to maintaining warm 

nest temperatures. To help alleviate the challenges of breeding in cold 

environments, females may invest more energy in the construction of larger, 

well-insulated nests that reduce convective heat-loss and energy expenditure of 

females during incubation (Reid et al. 2000, Bryan and Bryant 1999, Hilton et al. 

2004, Rohwer and Law 2010). Thus we suspect that cold ambient temperatures 

are the strongest selective mechanism favouring nest building behaviour that 

results in large nest sizes at our subarctic site. 

 In contrast, ambient temperatures at our temperate site are warmer, and 

thus the challenges of maintaining warm nests during incubation and brooding 

are reduced. We initially thought that nest predation might select for smaller nest 

sizes because larger nests should be more conspicuous to visual predators 

(Møller 1990), and predation risk is higher at our temperate site. However, we 

found no evidence of higher predation on larger, subarctic nests at our temperate 

site suggesting that nest predation may not directly constrain the evolution of 

larger nests in temperate Yellow Warblers. Indeed, our experimental transplants 

of subarctic nests to our temperate site revealed no evidence of fitness costs or 
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benefits to larger nests. The lack of fitness benefits to building larger nests, 

coupled with the increased costs of energy (Withers 1977) and time required to 

build larger nests, may explain why temperate warblers construct small nests.  

The greater costs of building larger subarctic nests are supported by 

differences in nest building behaviours of Yellow Warblers between our study 

sites. On average, temperate female Yellow Warblers made 365 trips to the nest 

during nest construction, and spent ~4.5 hours (over the span of 4–9 days) at 

their nest during construction (e.g., weaving and incorporating nesting material, 

shaping the nest cup) (n = 3 females). In contrast, subarctic females made on 

average 1185 trips to the nest during construction and spent ~9 hours (over the 

span of 9–10 days) at their nest to build their larger nests (n = 3 females) (V. G. 

Rohwer, unpubl. data.). Given that temperate Yellow Warblers may renest 4–5 

times within a season following nest failures, the costs of building larger nests 

are even greater when considered over an entire breeding season. Constraints on 

nest construction are also supported by repeated observations of females 

recycling materials from previously depredated nests when constructing their 

second or even third nest (V. G. Rohwer pers. observ.), and by observations of 

species reusing a recent nest of a different species late in the breeding season 

(Yezerinac 1993). These observations suggest that females attempt to minimize 

the time and effort required to construct nests, particularly later in the breeding 

season.   

 Reciprocal transplant experiments in nature expose geographically 

variable traits to suits of potential selective mechanisms that are often 

overlooked in laboratory settings. While we did not directly measures the effects 

of nest ecto-parasites or brood parasitism from Brown-headed Cowbirds 
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(Molothrus ater), we noticed no difference in the number of nestlings that failed to 

fledge or that died in the nests due to nest ecto-parasites (e.g., blowflies) between 

treatments at each location, nor did we observed differential rates of brood 

parasitism by Brown-headed Cowbirds between treatments at our temperate site. 

Only a single control (local temperate) nest was parasitized at our temperate site 

after receiving a nest transplant. Our observations suggests that these alternative 

selective mechanisms do not play an import role in shaping geographic variation 

in nest building behaviours of Yellow Warblers between our study sites. 

Geographic variation in nest morphologies have been described in several 

species of birds (Harrison 1975, Kern 1984, Kern and van Riper 1984, Briskie 

1995, Crossman et al. unpub. data), rodents (Stark 1963, King et al. 1964, Muul 

1974, Shump 1978), and in one marsupial (Fadem et al. 1986), yet we know of 

only two studies of captive bred mice (Mus musculus) that showed fitness 

advantages of different nest morphologies (Lynch and Possidente 1978, Bult and 

Lynch 1997). In both studies, captive mice were selectively bred for large and 

small nests. Large nests were domed in shape and typically constructed with 

twice the amount of cotton compared with small nests. In contrast, small nests 

were usually flat in shape with little or no nest walls. Mice that were artificially 

selected for large nests had higher fitness (measured in offspring survival) when 

bred under cold (4–5 °C) temperatures compared with mice that had been 

artificially selected for small nests. Similar to our results with Yellow Warblers in 

nature, these differences in fitness disappeared when both large- and small-nest 

lines of mice were bred at warm temperatures (22°C).  
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From the perspective of adaptation, a key question remaining is whether 

adaptive differences in nest morphologies among populations represent heritable 

differences in nest building behaviour, a female’s plastic response to 

environmental cues, or differences transmitted in other ways (e.g., imprinting, 

maternal effects, epigenetic effects). In House Mice (Mus musculus) bred in 

captivity and artificially selected for divergent nest morphologies, heritability of 

variable nest morphologies between selected lines appears moderate (h2 ~ 0.28, 

Lynch 1980). Similarly, additive genetic variation in nest morphologies within a 

population of Barn Swallows (Hirundo rustica) was moderately high based on 

parent off-spring regressions (h2 ~ 0.33–0.64) and cross-fostering experiments 

(Møller 2006). Nestlings that were cross-fostered constructed nests more similar 

to their biological parents than to their foster parents, suggesting little role of 

imprinting as an alternative means of inheritance for variation in nest 

morphology (Møller 2006). Repeatability measures of multiple nests constructed 

by the same individual vary across diverse species (Three-spined Sticklebacks, 

Gasterosteus aculeatus, r = 0.39–0.51; Rushbrook et al. 2008; Southern Masked 

Weavers, Ploceus velatus, r = 0.21 and Village Weavers, Ploceus cucullatus, r = 0.06; 

Walsh et al. 2010), but many studies in birds, including Yellow Warblers, suggest 

that multiple nests constructed by the same individual are consistent in 

morphology (Schleicher et al. 1996, Powell and Rangen 2000, Patrick 2009). While 

these estimates are consistent with the hypothesis that variation in nest 

morphologies may have a heritable (genetic) component, no studies have 

examined the heritability of among population variation in nest morphologies.  
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Among animal-constructed structures, bird nests present an excellent 

opportunity to test the selective mechanisms that favour geographically variable 

behaviours. Our results suggest that cold ambient temperatures in subarctic sites 

favour nest building behaviours that result in large, insulative nest 

morphologies. Females in subarctic sites that received thin, poorly insulated, 

temperate nests took shorter recesses during incubation, and likely expended 

more energy maintaining warm nest temperatures during incubation and 

brooding of young. Cold ambient temperatures during the breeding season in 

subarctic sites likely favour females that allocate more energy to constructing 

larger nests, with subsequent energetic benefits arising during the incubation 

and brooding stages. In contrast, warm ambient temperatures of temperate sites 

combined with a high cost of building larger nests likely favours nest building 

behaviours that result in small nest morphologies. Given that many species of 

birds and mammals build larger, better-insulated nests in cold environments, we 

suspect that the differential investment in nest construction represents an 

important trade-off in time and energy that affects reproduction across many 

endothermic organisms.  
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APPENDIX 
 
Statistical code used in R version 2.10 for analyses of: 
 
Changes in nest temperature and humidity: 
 

<-glmm(y-variable~treatment*year, random=~1|pair, method="ML") 
 
where y-variable represents changes in either 1) average, 2) maximum, 3) 
minimum, and 4) variation in temperature and humidity between treatments 
(control vs. experimental) and years as a result of nest transplants. Paired 
comparisons of experimental and control nests were entered as a random effect. 
 
 
Incubation duration: 
 

kruskal.test(incubation.duration~treatment) 
 
kruskal.test(incubation.duration~year) 
 
 
Nest success: 
 
<-glm(y-variable~treatment*year, family=quasi) 
 
where y-variable represents either 1) number of young fledged per nest, 2) 
egg/nestling mortality due to climate, or 3) egg/nestling mortality due to 
predation as a result of treatment (control vs. experimental) and year from our 
nest transplants. 
 
 
Parental behaviour: 
 
<-glmm(y-variable~treatment*year, random=~1|pair, method="ML") 
 
where y-variable represents either 1) changes in female recess duration, 2) 
changes in female recess frequency, or 3) changes in male feeding rates as a 
function of treatment (control vs. experimental) and year from our nest 
transplants. Paired comparisons between control and experimental nests are 
entered as a random factor.  
 
 
Nestling growth rate: 
 
<-glm(growth.rate~treatment) 
 
 
 


